Studies on the composition variation and function of seminal plasma by Rickard, Jessica Paige
Copyright and use of this thesis
This thesis must be used in accordance with the 
provisions of the Copyright Act 1968.
Reproduction of material protected by copyright 
may be an infringement of copyright and 
copyright owners may be entitled to take 
legal action against persons who infringe their 
copyright.
Section 51 (2) of the Copyright Act permits 
an authorized officer of a university library or 
archives to provide a copy (by communication 
or otherwise) of an unpublished thesis kept in 
the library or archives, to a person who satisfies 
the authorized officer that he or she requires 
the reproduction for the purposes of research 
or study. 
The Copyright Act grants the creator of a work 
a number of moral rights, specifically the right of 
attribution, the right against false attribution and 
the right of integrity. 
You may infringe the author’s moral rights if you:
-  fail to acknowledge the author of this thesis if 
you quote sections from the work 
- attribute this thesis to another author 
-  subject this thesis to derogatory treatment 
which may prejudice the author’s reputation
For further information contact the University’s 
Director of Copyright Services
sydney.edu.au/copyright
  
STUDIES ON THE COMPOSITION, 
VARIATION AND FUNCTION OF 
SEMINAL PLASMA  
            
 
 
 
 
Jessica Paige Rickard 
 
 
 
A thesis submitted to the Faculty of Veterinary Science, The University of Sydney in 
fulfilment of the requirements for the Degree of Doctor of Philosophy 
© 20th August, 2014
 i 
Declaration 
 
Apart from the assistance mentioned in the acknowledgements, the studies contained within 
this thesis were planned and executed by the author, and have not been previously submitted 
for any degree to a University or Institution. 
 
 
 
Jessica Rickard  
BAnVetBioSc (Honours) 
 ii 
Acknowledgements 
 
This thesis would definitely not have been possible without the help, support and 
encouragement of my two supervisors, Dr Simon de Graaf and Dr Xavier Druart.  A special 
thank you must go to Simon, whose patience, experience and friendship were invaluable 
during my candidature.  Your professionalism and mentorship is something that I have come 
to depend upon over the last four years and will endeavour to emulate in all areas of my 
future career.  Xavier, thank you for adding the French flair to my PhD. Your knowledge, 
optimism and general excitement for all things “liquid gold”, really did make all the 
proteomics worth it.  Thank you for also providing me with the amazing opportunities of 
studying and learning in your laboratory, not once but two incredible times.  Those few 
months in France helped me develop skills both in the lab and life and I even managed to 
learn a little bit of French along the way, merci!  To Dr Garry Lynch, my third supervisor, 
thank you for assisting with all things that belonged in the strange world of proteomics and 
your diligent revision of manuscripts.  It definitely was a steep learning curve and your 
patience was very much appreciated.  To Dr Tamara Leahy, who involuntarily became my 
fourth supervisor and editor extraordinaire!  Thank you for your encouragement and support 
throughout my candidature and dedicating so much of your time to help me in the final 
stages.  
 
To the past and present members of the USYD Animal Reproduction Group, Kim Heasman, 
Andrew Souter, Dr Claire Kershaw-Young, Dr Chris Grupen and Dr Roslyn Bathgate whose 
assistance and advice during experiments and field trials were greatly appreciated.  Kim, your 
tireless work ethic was an inspiration and your ability to find and order absolutely anything in 
the blink of an eye, impressive.  A special thank you must go to Professors Chis Maxwell and 
 iii 
Gareth Evans who came out of retirement and donated their precious time to assist with 400 
inseminations.  To be able to draw upon your experience and knowledge, especially during 
the field trial, was an absolute privilege.  To Danielle Johinke, Cassandra Stuart, Jessie 
Maddison, Rose Schmidt, Taylor Pini and Ethan Mooney, thankyou for all your  help during 
the many experiments, pep talks, procrastination sessions and general good times both at 
USYD and abroad.  To team  ram, again I thank you for putting the team and its research at 
times,  before your own personal lives.  Your commitment, dedication and passion made 
those very early mornings, very late nights, over 200 testes and 400 sheep much more 
bearable and  made each  and every moment a blast.  A large portion of this thesis would not 
have been possible without your help and friendship.   
 
I will be forever grateful to the farm staff at Camden and Arthursleigh. Without the assistance 
and advice of Byron Biffin, Steve Burgan, Keith Tribe and Sam Gordon, the hundreds of 
semen collections, transport of sheep back and forth from Sydney and success of the field 
trial would not have been possible.  Byron, despite your attempts to kill off my favourite ram, 
your willingness to always help out and have a laugh were always much appreciated. 
 
To the friends I have made at INRA, Clément Soleilhavoup, Guillaume Tsikis and Philippa 
Kohnke, thank you for welcoming me so kindly into your lab as well as devoting so much 
time to teaching and supporting me during my western blot adventure.  A special thank you 
must go to Clément and Philippa for their excellent tour guide services showing me the 
beautiful sites around Tours as well as helping me explore my taste of French cheese, wine 
and tripe!    
 iv 
I must also thank Dr Ben Crosset, Dr Lana Mactier and Dr Philippa Kohnke for all their help 
and support over at the SUPRU and Christopherson lab during the early stages of my PhD. 
Thank you for introducing and translating the world of proteomics for me. 
 
I was very fortunate to be supported during my candidature with a postgraduate scholarship 
from the Australian Sheep CRC Industry as well as the opportunity to attend the annual 
postgraduate conference.   Through the encouragement of Dr Graham Gardner and Professor 
James Rowe, these conferences allowed me to network and build new friendships with 
students and industry professionals, while also develop the confidence and skills necessary 
for a successful career in industry.  I would also like to acknowledge the support of Bioniche 
Animal Health Australasia for their donation of sodium hyaluronate, Progestagen sponges 
and PMSG as well as the NSW Merino Stud Breeders Association for their generous 
financial support. 
 
A special thank you must also go out to the many friends who have supported me throughout 
the last four years.  Your constant admiration and delight at all things sperm, provided the 
much needed  hilarity and  motivation particularly during the final stages.  To the man who 
has probably put up with the most, Dave, words cannot express my gratitude at your tireless 
encouragement, support and dedication to the cause. 
 
And last but definitely not least, I would like to express my sincere thanks to Charles, Diana, 
Katie and Jack as well as my wide and wonderful extended family, who amongst the 
confusion and amusement, have also provided endless love and support which has helped me 
become the person I am today. 
 
 v 
Summary 
 
This thesis examines the complex nature of ram seminal plasma, providing a link between 
seminal plasma composition and sperm function during cryopreservation and transit 
following deposition in the female tract.  It shows that exposure to seminal plasma is 
fundamentally important for the successful transit of ram spermatozoa through the cervix and 
confirms that the variable protein composition of seminal plasma is responsible for its 
contradictory effect on sperm function reported throughout the literature.  It also identifies 
individual proteins which could be used as markers of sperm function or freezing resilience. 
 
By tailoring the use of advanced proteomic techniques to mammalian seminal plasma, the 
proteomic composition of ram seminal plasma was characterised and compared to a number 
of other domestic mammalian species (boar, bull, stallion, goat, dog, alpaca and camel).  
Several proteins were found to be highly conserved across species, while others were unique 
to particular species.  At the time of publication, this list of proteins encompassing 109 
proteins, was the most comprehensive analysis of ram seminal plasma available, identifying 
significantly more proteins than previously described (Souza et al. 2012). 
 
The glycoproteome of ram spermatozoa was investigated to further understand and 
characterise the changes that occur to the sperm membrane during exposure to seminal 
plasma and in vitro processing (e.g. liquid and frozen storage).  Using an enrichment method, 
coupled with label free quantitative mass spectrometry, 112 glycoproteins were identified in 
ram spermatozoa.  Of these, 23 were found to differ significantly in their expression between 
epididymal, ejaculated, chilled and cryopreserved spermatozoa.  Despite not identifying any 
major glycoproteins which bind to the sperm membrane during ejaculation, this study did 
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characterise the glycoproteome of ram spermatozoa for the first time as well as changes in the 
glycoproteome brought about by liquid or frozen storage. Of note, angiotensin-converting 
enzyme (ACE) and FK506 binding protein were found to decrease in chilled or 
cryopreserved spermatozoa, highlighting a potential deficiency in stored spermatozoa.  
Furthermore, the identification of apolipoprotein B and vitellogenin in the glycoproteome of 
stored spermatozoa confirmed the sperm membrane binding properties of egg yolk within 
cryomedia.  
 
The application of seminal plasma in vitro and its role in vivo during cervical transit has long 
been questioned due to the contradictory results published throughout the literature (Maxwell 
et al. 2007).  This thesis examined the fundamental role of seminal plasma during cervical 
transit in the ovine tract by comparing the in vivo function and fertility of epididymal 
spermatozoa, epididymal spermatozoa exposed to seminal plasma and ejaculated ram 
spermatozoa. Despite having similar motility characteristics, epididymal spermatozoa which 
were not exposed to seminal plasma reached the utero-tubal junction in fewer numbers 
(observed using probe based confocal laser endomicroscopy), displayed a reduced ability to 
penetrate cervical mucus in vitro and achieved lower pregnancy rates following cervical 
artificial insemination compared to ejaculated spermatozoa or epididymal spermatozoa 
supplemented with seminal plasma.  When spermatozoa were deposited directly into the 
uterine horns, there was no effect of seminal plasma, as all treatment groups achieved similar 
pregnancy rates.  From these results, it was clear that seminal plasma plays a vital role in the 
cervical transit of epididymal spermatozoa.  This was proposed to occur not through the 
alteration of sperm motility or velocity but rather by facilitating increased sperm penetration 
of cervical mucus. 
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The influence of seminal plasma composition during cryopreservation was examined by 
characterising variation in freezing resilience (difference in motility recorded before and after 
freezing), in a population of rams (n=17).  The seminal plasma from males with high freezing 
resilience (HSP) was shown to improve the post-thaw motility of spermatozoa from males 
previously identified as having spermatozoa with low freezing resilience.  On the other hand 
seminal plasma from males with low freezing resilience (LSP) was shown to reduce the post 
thaw motility of spermatozoa from males previously identified as having high freezing 
resilience. Furthermore, the supplementation of HSP to ejaculated washed spermatozoa 
before freezing significantly increased motility after thawing compared to spermatozoa 
supplemented with LSP.  These results suggested that HSP was compositionally different 
(e.g. differing protein components or proteins at varying concentrations) and served to better 
protect spermatozoa during cryopreservation than LSP.  HSP and LSP recorded similar 
concentrations of biochemical analytes (Ca, Mg, Na, Cl, Zn, glucose, GPx and cholesterol), 
which suggested that the variable protective components were proteaceous in nature.  
Immunodetection revealed significant differences between HSP and LSP in the expression of 
proteins previously identified in the seminal plasma of rams with varying liquid preservation 
ability (Soleilhavoup et al. 2014).  Subsequent comprehensive proteomic analysis using a 
combination of 1D-SDS electrophoresis and label free quantitative mass spectrometry 
showed that of the 362 proteins identified, 58 were found to be more abundant in HSP 
compared to LSP (including sorbitol dehydrogenase, 26S Proteasome and TCP-1 zeta), 
suggesting a positive association with freezing resilience.  Similarly, 41 proteins were found 
to be more abundant in LSP than HSP (including zinc-2-alpha glycoprotein (ZAG) and alpha 
enolase), suggesting a negative association with freezing resilience.  Interestingly, the 
proteins over expressed in HSP were found to contribute to cellular biological processes such 
as biogenesis and metabolism.  The effect of ZAG on freezing resilience was further 
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investigated by supplementation of epididymal spermatozoa with recombinant ZAG and 
sperm assessment before and after cryopreservation.  Despite seeing a small but significant 
effect of recombinant ZAG on the velocity of epididymal ram spermatozoa post thaw, ZAG 
had no effect on the cryosurvival of epididymal ram spermatozoa.  Subsequent correlations 
between the protein expression (determined by western blot) of ZAG and other proteins of 
interest (sorbitol dehydrogenase, 26S proteasome, TCP-1ζ and alpha enolase) with the 
freezing resilience of a wider population of rams did not show any specific pattern linking 
protein expression with freezing resilience.  These poor correlations suggest that perhaps 
freezing resilience is not the result of a single protein but rather the function of several, 
working together in concert to enhance sperm survival during cryopreservation.   
 
Combined, the findings of this thesis confirm that seminal plasma is a complex substance that 
modifies the surface coat of spermatozoa, their subsequent ability to survive cryopreservation 
and be fertile within the female tract.  Specifically, the results reported herein clearly show 
that seminal plasma plays a vital role in the transport of spermatozoa through the cervix and 
that its cryoprotective effect varies depending on the presence and concentration of individual 
proteins.  It has begun the arduous task of screening seminal plasma proteins for their effect 
on sperm function, but further research is necessary to unequivocally identify and confirm 
these markers within this biological fluid.  Nonetheless, these findings lay the groundwork 
for the future supplementation of spermatozoa with seminal plasma proteins.  These proteins 
could ameliorate the apparent alterations which occur to the sperm membrane during 
cryopreservation, which may prevent the cervical transit of frozen-thawed ram spermatozoa.  
Success in this endeavour would facilitate cervical artificial insemination of ewes with 
frozen-thawed semen and allow the Australian sheep industry to finally realise the rapid 
genetic progress capable from the widespread use of elite sires. 
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Chapter 1. Review of the Literature 
 
1.1. GENERAL INTRODUCTION 
 
The Australian sheep industry has failed to take advantage of the benefits associated with the 
use of semen from elite sires due to the reduced ability of frozen-thawed ram spermatozoa to 
traverse the ovine cervix following cervical artificial insemination.  The current alternative is 
depositing semen directly into the uterine horns of the ewe using the expensive, labour 
intensive, skilled technique of intrauterine laparoscopic artificial insemination.  As such, 
research conducted over the past decade has focused on methods to improve the ability of 
frozen-thawed spermatozoa to migrate through the cervix and achieve fertilisation following 
cervical artificial insemination. 
 
At the culmination of epididymal maturation, spermatozoa are progressively motile, have 
(generally) lost the cytoplasmic droplet and are considered fertile.  During ejaculation, 
epididymal spermatozoa mix with seminal plasma, thought to contain decapacitation factors.  
These factors help stabilise and support the sperm membrane during transport in the female 
tract and prevent premature capacitation (Bedford and Chang 1962; Muiño-Blanco et al. 
2008), essentially inhibiting fertilisation until required.  Capacitation occurs naturally within 
the female reproductive tract and is timed with the arrival of the oocyte.  It results in the 
rearrangement of proteins and lipids comprising the sperm membrane and is integral for 
spermatozoa zona pellucida binding and subsequent fertilisation (Manjunath et al. 2007).  It 
is well known that cryopreservation inflicts serious damage on spermatozoa which cause 
capacitation-like changes to the membrane, altering membrane integrity and viability (Gillan 
et al. 1997; Gillan and Maxwell 1999).  This led to the hypothesis that cryopreservation 
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bypasses the natural process of capacitation (Watson 1995), through the dilution or removal 
of seminal plasma’s decapacitation factors and the alteration of the sperm surface membrane 
making it highly susceptible to stress (Muiño-Blanco et al. 2008; Leahy and Gadella 2011).  
Furthermore, this modification could possibly interfere with the ability of spermatozoa to 
interact with the female tract, in particular the ovine cervix. As such, the supplementation of 
seminal plasma to spermatozoa has been of intense interest, to try and imitate the 
decapacitation phenomenon, restore membrane properties, improve post thaw sperm quality 
and the ability of ram spermatozoa to interact with and traverse the ovine cervix following 
insemination. 
 
Unfortunately, results have been somewhat equivocal.  Initial results by Maxwell et al. 
(1999) were encouraging with the supplementation of seminal plasma post-thaw showing an 
increase in the pregnancy rate of ewes following cervical artificial insemination compared to 
non-supplemented spermatozoa.  However, Leahy et al. (2010a) was unable to replicate 
results, finding inconsistent effects of seminal plasma depending on the stage of 
supplementation during the cryopreservation process (as part of the freezing or thawing 
media) and method of insemination.  Moreover, O'Meara et al. (2007) failed to see any effect 
of seminal plasma following post-thaw incubation prior to cervical insemination.  
Contradictory results have also been reported during cryopreservation with the addition of 
seminal plasma both prior to and post sperm cryopreservation reported to improve (Maxwell 
et al. 1999; Barrios et al. 2000; Perez-Pe et al. 2001; El-Hajj Ghaoui et al. 2007a) and 
decrease (de Graaf et al. 2007a) the cryosurvival of ram spermatozoa.  Variable effects have 
been reported in other species, with results depending on; the species origin of seminal 
plasma, the time of year or season in which the experiment was conducted (Maxwell et al. 
2007; Muiño-Blanco et al. 2008; Leahy et al. 2010b), the type of spermatozoa used 
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(ejaculated or epididymal;(Graham 1994), the degree of sperm processing in vitro (whether 
the spermatozoa was washed, cryopreserved or even sex sorted; (Maxwell et al. 1997; Ollero 
et al. 1997; Pérez-Pé et al. 2001b; de Graaf et al. 2007a; El-Hajj Ghaoui et al. 2007b; Leahy 
et al. 2010a) and the stage in processing, amount and duration of seminal plasma 
supplementation (before cryopreservation or part of the thawing medium, per protein 
concentration or volume percentage, for an extended period of time prior to insemination; 
(Perez-Pe et al. 2001; Moore et al. 2005; Leahy et al. 2009; Leahy et al. 2010a; Leahy et al. 
2010b). 
 
In addition to studies looking at the effect of whole seminal plasma, researchers have 
attempted to separate seminal plasma into molecular weight fractions or even individual 
proteins (Barrios et al. 2000; Pérez-Pé et al. 2002; Barrios et al. 2005; El-Hajj Ghaoui et al. 
2007b; Leahy et al. 2011), in an effort to narrow down and isolate the decapacitating factors 
thought to influence sperm function.  Up until recently, limited knowledge existed on the 
protein composition of ram seminal plasma (Souza et al. 2012) and to date, a detailed 
proteomic analysis comparing the seminal plasma protein composition of various species 
does not exist.  This information would be useful to not only identify proteins conserved 
across species that are presumably highly important to sperm function in all mammals, but 
also to identify species differences which may be related to varied semen characteristics or 
the breeding strategies of certain species, for example variable semen deposition during 
natural mating. 
 
In this thesis, the role of seminal plasma and potential factors contributing to variation in its 
effect during cryopreservation are examined.  With particular reference to sheep, the 
following literature review investigates and describes the proteomic interactions and changes 
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that occur to spermatozoa during epididymal maturation, ejaculation and transit in the female 
tract.  It also questions the role of seminal plasma and the accessory sex glands given 
epididymal spermatozoa are capable of achieving fertilisation.  Finally, it summarises the 
contradictory effects of seminal plasma reported during cryopreservation and during transit in 
the female tract after cervical artificial insemination.  The review pays particular attention to 
individual proteins within seminal plasma, which may act to improve the post thaw quality of 
ram spermatozoa and therefore the success rate of cervical artificial insemination with frozen-
thawed spermatozoa. 
 
1.2. MATURATION OF SPERMATOZOA 
 
The following section describes the journey that spermatozoa undertake when leaving the rete 
testis, the maturational changes (structural, biochemical and mechanical) that occur during 
epididymal transit and the sperm surface modifications that arise as a result of exposure to 
seminal plasma at ejaculation, which act to convert immature sperm cells into fully functional 
spermatozoa capable of fertilisation. 
 
1.2.1. During Epididymal Transit 
When testicular spermatozoa leave the rete testis and enter the caput epididymis via the 
efferent duct (Dacheux et al. 2009), they are immotile and have limited biosynthetic capacity.  
They possess a sperm head containing a nucleus with haploid genome, a highly specialised 
tail and the remnants of cytoplasmic bridges which aided the differentiation of developing 
spermatids in the rete testis (Weber and Russell 1987), otherwise known as cytoplasmic 
droplets (Gadella and Luna 2014).  Sperm transit through the epididymis can take anywhere 
from 4 to 14 Days, depending on the species (Robaire et al. 2006).  During this time, 
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spermatozoa are exposed to a range of complex fluids rich in proteins, which are responsible 
for initiating the final stages of maturation (Sostaric et al. 2008; Dacheux et al. 2009).   
 
The epididymis absorbs and secretes proteins along its structure, with the anterior epididymis 
being the most active (Dacheux et al. 2009).  The epididymis is differentiated into six 
segments and while all mammals have an initial first segment, there is variation in the 
structure and development of the remaining segments suggesting potential differences in the 
secretome of the epididymis between species and therefore relative maturational differences 
(Dacheux et al. 2009).  Dacheux et al. (2009) describes the protein concentration of 
epididymal fluid to vary along the organ, ranging from 2-4 mg/mL in the initial segment, 
increasing to 50-60 mg/mL in the distal caput and 20-30 mg/mL in the final segments.  The 
high protein content of the distal caput and proximal corpus highlights where the most 
substantial sperm maturation occurs.  This variation in protein composition and concentration 
is thought to be due to (1) the gradual loss or modification of testicular proteins and the 
permanent acceptance of epididymal proteins and (2) the relative secretion and absorption of 
proteins and water by the epididymal epithelium (Clulow 1994; Fouchecourt 2000).  Almost 
80-90% of testicular fluid is reabsorbed by the epididymal epithelium, influenced by the 
movement and relative ionic composition of sodium, chloride and bicarbonate (Da Silva et al. 
2006).  The majority of the epididymal proteome (80-90%) is made up of 20 proteins, which 
are often present in different isoforms due to the degree of glycosylation and other post 
translation modifications that occur along the epididymis.  Some of these include; lactoferrin, 
procathepsin D, glutathione peroxidase, mannosidase, clusterin, gelsolin, actin and cystin rich 
secretory protein (CRISP; (Dacheux et al. 2009; Dacheux and Dacheux 2014).  By inference, 
the presence of these proteins in the epididymis suggest a role in sperm maturation, in 
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particular stabilising the plasma membrane.  Several changes in sperm surface proteins have 
been described including; fertilin, CRISP1, and angiotensin converting enzyme (ACE).  
 
By the time spermatozoa reach the caudal epididymis, the cytoplasmic droplet has been lost 
and the cells are progressively motile.  It is here that they are stored until ejaculation (Sostaric 
et al. 2008).  In addition to the extensive surface membrane changes that occur during 
epididymal transit, it is likely that the epididymal fluid and individual proteins also serve to 
protect spermatozoa from oxidative stress and bacterial growth during storage in the 
epididymis, given the high concentration of antioxidants (Dacheux et al. 2009; Dacheux and 
Dacheux 2014) and β-defensins (Yamaguchi and Ouchi 2012).  Furthermore, when 
epididymal spermatozoa were washed in vitro, rapid agglutination of the sperm heads 
occurred, suggesting epididymal fluid protects vulnerable binding sites on the sperm plasma 
membrane (Fabrega et al. 2012). 
 
Determining the composition of the epididymal proteome has been of interest since the late 
1970s and 1980s (Turner et al. 1979; Brooks 1981).  Several reviews exist summarising these 
proteins, comparing them between species and linking with sperm maturation (Dacheux et al. 
2009; Dacheux and Dacheux 2014).  Other studies have even incorporated mass spectrometry 
techniques to target and compare the proteins of immature and mature spermatozoa (Ijiri et 
al. 2011) and the specific regions of the spermatozoa such as the acrosome, flagella, head and 
mid piece (Suryawanshi et al. 2011; Park et al. 2012).  Early studies in the ram (Voglmayr et 
al. 1983) using radio-labelling, identified changes in specific glycoprotein and 
sialoglycoproteins binding between testicular and caudal epididymal or ejaculated 
spermatozoa.  Here, glycoproteins of heavy molecular weight (78-115 kDa) were associated 
with testicular spermatozoa, whereas spermatozoa from the caudal epididymis were 
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associated with smaller glycoproteins (15-95 kDa; Voglmayr et al. 1983). It would be of 
great interest to build on the information generated by Voglmayr et al. (1983) and identify 
these changing glycoproteins using advanced proteomics.   
 
The following section will focus on the known structural and biochemical changes that occur 
during epididymal maturation and the proposed proteins which are thought to contribute to 
the motility of the sperm cell and its ability to interact with the female environment. 
 
1.2.1.1. Structural Changes  
Structural changes to spermatozoa occur in the form of the topographical reconfiguration of 
the plasma membrane that alters the size and shape of the sperm head (Bedford 1965; 
Bedford and Nicander 1971), remodeling of the acrosomal contents (Yoshinaga and 
Toshimori 2003) and the shedding of the cytoplasmic droplet.  Being one of the most 
distinguishable changes to spermatozoa during maturation (Sostaric et al. 2008), the 
cytoplasmic droplet moves from the proximal to the distal end of the intermediate piece 
during caput transit.  While the exact mechanism responsible for this structural change is not 
known, it does take place in the section of epididymis known for its high protein composition 
(Dacheux and Dacheux 2014) again illustrating the important role of epididymal proteins.  
Changes to the density and distribution of membrane particles (Lopez et al. 2007) contributes 
to a reduction in the shape and size of the sperm head (Olson et al. 2003; Yoshinaga and 
Toshimori 2003).  Surprisingly, both Yoshinaga and Toshimori (2003) and Lopez et al. 
(2007) noted a reduction in the number and distinct compartmentalisation of intra-membrane 
particles (IMP) on the post acrosomal domain of spermatozoa from the cauda epididymis 
compared to the caput, a result which could indicate preparation for the acrosome reaction 
and fertilisation. 
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1.2.1.2.  Biochemical changes 
The major biochemical changes that occur during epididymal transit include the recruitment, 
loss or modification of proteins and lipids of the plasma membrane, in particular 
glycoproteins, sterols and phospholipids (Scott et al. 1967; Nikolopoulou et al. 1986; 
Retamal 2000).  These proteins and lipids are thought to be transferred by epididymosomes, 
membrane vesicles shed from the epididymal plasma membrane (Cooper 1998; Sullivan et al. 
2007; Cornwall 2009), which vary depending on the epididymal segment from which they are 
secreted. They have been known to carry membrane proteins (e.g. GPI-anchored protein 
P34H, known for its role in transferring proteins from one cell to another (Kirchhoff and Hale 
1996; Legare et al. 1999), and ‘a disintegrin and metalloproteinase 7’ (ADAM7) protein 
which enables the successful binding of the sperm and zona pellucida (Oh et al. 2009) as well 
as cytosolic proteins such as sorbitol dehydrogenase and aldose reductase, which are 
important enzymes necessary for the synthesis of fructose (Frenette et al. 2006).  As a 
consequence, the recruitment and progressive loss of phospholipids and glycoproteins results 
in the exposure of domains with different diffusional properties (James et al. 1999; Druart et 
al. 2009b) and an increased cell attraction for cholesterol (Jones 1998).  Specifically in the 
ram, the molar ratio of cholesterol to phospholipid was found to increase during epididymal 
transit (Parks and Hammerstedt 1985).  Cholesterol has been implicated in a number of 
processes necessary for sperm function, including stabilising the plasma membrane during 
ejaculation and playing an integral part in the process of capacitation, initiating efflux from 
the membrane (Ehrenwald et al. 1988; Manjuanth and Thérien 2002; Purdy and Graham 
2004).  Interestingly, the biochemical composition of the plasma membrane has been found 
to influence the ability of spermatozoa to regulate cell volume when under osmotic stress 
(Yeung et al. 2004) also known as its hypotonic resistance.  Druart et al. (2009b) found a 
negative correlation with the hypotonic resistance of boar epididymal spermatozoa and its 
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transit through the epididymis, suggesting modifications to the lipid composition of the 
plasma membrane could be associated with decreased hypotonic resistance and cell fluidity.  
Alterations to the plasma membrane are not only localised to the sperm head but include the 
mid piece and tail, with modifications to the flagella of spermatozoa vital for the initiation of 
sperm motility (Gadella and Luna 2014).  
 
1.2.1.3. Motility 
One of the most important maturational changes during epididymal maturation is the 
acquisition of motility in the corpus epididymis (Dacheux and Paquignon 1980).  The 
development and control of sperm motility is an intricate balance between the development 
of sperm flagella and the inhibition of motility within the epididymis, both maintained by the 
cyclic nucleotide adenosine 3′ 5′-cyclic monophosphate (cAMP) and calcium signalling 
pathway (Heffner and Storey 1981; White and Aitken 1989; Jaiswal and Majumder 1996; Ho 
and Suarez 2001; Lasko et al. 2012).  The motility of testicular spermatozoa can be initiated 
in vitro when diluted in media containing cAMP and ATP or bicarbonate and egg yolk 
(Dacheux et al. 1979), even to the point that they demonstrate similar characteristics to 
mature spermatozoa (Ishijima and Witman 1987).  cAMP is produced by an atypical sperm 
soluble adenylyl cyclase which is regulated by the presence of carbonate and calcium 
(Okamura et al. 1985).  The level of cAMP increases from the corpus to the caudal region of 
the epididymis, which aligns with the gradual increase of motility (Dacheux and Paquignon 
1980).  Therefore, the immotile characteristic of testicular spermatozoa is related to the low 
levels of cAMP present in the caput and corpus epididymis which suppresses activation of the 
flagella (Gatti et al. 2004).  While the exact agents responsible for this signalling pathway are 
unknown, Tash and Bracho (1994) argue that specific phosphorylation and de-
phosphorylation events associated with the proteins on the sperm flagella, such as 
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phosphatase isoform PP1γ2 (Vijayaraghavan et al. 2007), in addition to increases in calcium, 
calmodulin and bicarbonate play an important role (Wade et al. 2003).  Protein-kinase A 
(PKA) has recently been identified as a downstream target for cAMP and is localised on the 
sperm flagella of human (Marín-Briggiler et al. 2005) and bovine (Ignotz and Suarez 2005) 
spermatozoa.  The biological significance of adenylyl cyclase, cAMP (Esposito et al. 2004) 
and PKA (Nolan et al. 2004) has been confirmed in the mouse where mice lacking the gene 
responsible for encoding adenlyl cyclase and hence cAMP production, exhibited motility 
defects.  Similarly, addition of cAMP and epididymal plasma to hamster spermatozoa from 
the caput epididymis in vitro induced forward motility (Kann and Serres 1980).  The cAMP, 
PKA, calcium and calmodulin pathways in seminal plasma and their influence on cellular 
motility have been well studied in several species, including the human, mouse, buffalo, 
stallion and bull (Stegmayr and Ronquist 1982; White and Aitken 1989; Jaiswal and 
Majumder 1996; Qu et al. 2007).  However, limited work has been conducted in the ram 
using specifically epididymal spermatozoa.  Investigating the effect of motility stimulating 
agents, such as cAMP and calcium on the physiological motility pathways of ram 
spermatozoa would be of great interest in future studies. This would not only confirm 
previous studies in other species but also lead to a greater understanding of the fundamental 
and molecular role these factors play on ram spermatozoa in vitro.  
 
Despite the cAMP and calcium signalling pathways being well cemented in the initiation and 
management of sperm motility in a number of species, direct relationships between individual 
proteins during sperm maturation is still of intense interest.  During an investigation of the 
epididymal proteome and their role during sperm maturation, Gatti et al. (2000) identified a 
highly glycosylated, hydrophobic 17 kDa protein, which was found to be localised on the 
flagellum membrane of epididymal ram spermatozoa.  This example illustrated the ability of 
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glycoproteins, which are secreted by the epididymal epithelium, to directly bind and integrate 
with the sperm plasma membrane and indicates a potential association with sperm motility 
(Gatti et al. 2000; Maxwell et al. 2007). 
 
The intricate mechanisms and proteomic agents responsible for the above-mentioned 
modifications in the various regions of the epididymis remain to be fully elucidated.  
However, with the culmination of epididymal transit, these modifications result in the 
formation of fully functional motile spermatozoa, ready for fertilisation.  Despite this, 
ejaculation exposes spermatozoa to new environments contributing further to the alteration of 
the sperm cell, particularly the biochemical composition of the plasma membrane.   
 
1.2.2. Changes that occur to spermatozoa during ejaculation 
Under natural conditions, spermatozoa are released from their storage site at the caudal 
epididymis following nervous stimulation and travel through the vas deferens, whereby 
they’re exposed to secretions from the major accessory sex glands (prostate, ampulla, 
bulbourethral glands and seminal vesicles), which collectively is termed seminal plasma 
(Mann 1964).  The events described above expose spermatozoa to a completely different 
environment containing novel proteins (Gadella and Luna 2014) that coat the sperm surface 
(Leahy and Gadella 2011) and change the fertilising capacity of spermatozoa.  These novel 
proteins interact with choline-phopholipids, low density lipoproteins and heparin on the 
sperm membrane, which initiates a cholesterol efflux, the subsequent re-arrangement of 
membrane components and the stabilisation of the sperm membrane (Maxwell et al. 2007). 
This is thought to protect the sperm membrane during transit in the female tract (Troedsson et 
al. 2005) and prevent capacitation from occurring prematurely, essentially prolonging the 
lifespan of the sperm cell.  As such, these proteins are also termed ‘decapacitation factors’ 
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(Bedford and Chang 1962). Chang (1951) and later in (1957) was the first to describe the 
need for spermatozoa to be separated from seminal plasma in order to attain fertilisation.  The 
lifespan of spermatozoa in the female tract was also shown to be prolonged if they were 
exposed to seminal plasma (Dukelow et al. 1967).  As spermatozoa progress through the 
female environment, seminal plasma is thought to be continuously diluted and spermatozoa 
are therefore able to shed the decapacitation factors present on their membrane (Gordon et al. 
1975; Talevi and Gualtieri 2010), thereby initiating capacitation and the potential for 
fertilisation.  This is a potential explanation for why caudal epididymal spermatozoa are 
better able to fertilise oocytes in vitro than ejaculated spermatozoa (Dacheux and Paquignon 
1980).  Future studies comparing the plasma membrane protein composition of epididymal 
and ejaculated spermatozoa have the potential to identify the proteins which bind to the 
membrane from accessory sex gland fluid which are responsible for this decapacitation 
effect. 
 
1.2.3. Changes that occur to spermatozoa post ejaculation 
Post ejaculation, spermatozoa are again exposed to changing environments, either the 
cervical mucus, uterine and follicular fluid of the female reproductive tract or synthetic sperm 
diluent, which is necessary to support spermatozoa during subsequent in vitro processing. 
 
Following deposition in the female tract, spermatozoa make their way from the vagina, cervix 
or uterus (depending on the natural site of semen deposition) to the oviduct.  It is here that 
spermatozoa undergo a series of final modifications, termed the capacitation and acrosome 
reaction, which ensure the spermatozoa are able to bind with the zona pellucida of the oocyte 
(Leahy and Gadella 2011).  There is currently some debate about whether the acrosome 
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reaction is initiated upon binding to the zona pellucida or whether the cumulus mass 
surrounding the oocyte is also responsible (Gadella 2012; Gadella and Luna 2014).   
 
Under artificial conditions like cryopreservation, spermatozoa are placed under cryostress, 
modifying the composition of the sperm membrane, testing integrity, hypotonic resistance 
and viability (Gillan et al. 1997; Druart et al. 2009b), essentially contributing to capacitation-
like changes in the spermatozoa.  
 
1.2.3.1. During sperm transit in the female reproductive tract 
The role of seminal plasma in the capacitation reaction is still relatively unknown.  As 
discussed above, spermatozoa are required to shed the decapacitation factors located on their 
membrane, in order to attain fertilising capacity.  It has been hypothesised that the simple 
dilution of seminal plasma around spermatozoa within the female tract contributes to the 
further modifications noted in spermatozoa (Maxwell et al. 2007).  Despite this, seminal 
plasma has also been described as containing ‘capacitation’ factors, which contribute to the 
de-stabilisation of the plasma membrane (Manjuanth and Thérien 2002).  The same factors 
(discussed above in section 2.2) which contributed to the stabilisation of the sperm membrane 
at ejaculation, interact with high density lipoproteins and glycosaminoglycans present in the 
follicular and oviductal fluid (Maxwell et al. 2007).  This cascade of events has been 
postulated to induce capacitation through protein tyrosine phosphorylation (Thérien et al. 
1998).  The exact signaling pathways and mechanisms responsible for initiating the 
capacitation reaction remain very complex and appear to be species specific.   
 
Considering the above, it could be assumed that seminal plasma and therefore the presence of 
the accessory sex glands, is vital for sperm function and fertility, through stabilising the 
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membrane yet controlling the onset of capacitation.  However, the high fertilising potential of 
epididymal spermatozoa documented throughout literature disputes this.  Epididymal 
spermatozoa have been reported fertile when used for intracytoplasmic sperm injection in the 
human (Silber et al. 1995), mouse (Songsasen and Leibo 1998) and cow (Stout et al. 2012) 
and even following intrauterine insemination in the ewe (Fournier-Delpech et al. 1979; 
Ehling et al. 2006), bitch (Hori et al. 2005) and mare (Monteiro et al. 2011).  In some cases 
achieving pregnancy rates similar to those of ejaculated spermatozoa (Fournier-Delpech et al. 
1979; Monteiro et al. 2011).  As a result, such normal fertility of spermatozoa which have 
never come into contact with seminal plasma raises the question of whether exposure to 
seminal plasma from the accessory sex glands is a biological requirement vital for the in vivo 
function and fertility of spermatozoa or whether this substance is largely superfluous to 
reproductive success.  While a considerable amount of research has been conducted on the 
effect of seminal plasma on processed spermatozoa (discussed in section 4) and aiding 
spermatozoa following artificial reproductive technologies, remarkably little is known 
regarding the biological value of seminal plasma on epididymal spermatozoa in traversing the 
female tract in other species, especially in the ram.  For example, in the dog, poor pregnancy 
rates were achieved following intravaginal inseminations with epididymal spermatozoa 
(Thomassen and Farstad 2009).  Likewise, cervical insemination of cryopreserved epididymal 
boar spermatozoa thawed with 15% (v/v) seminal plasma resulted in a significantly higher 
conception rate and litter size compared to epididymal spermatozoa thawed in the absence of 
seminal plasma (Okazaki et al. 2012).  However, in this case seminal plasma may have had a 
beneficial effect on post-thaw sperm survival and thus the numbers of motile spermatozoa 
inseminated, rather than sperm transport.   
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The fertility of epididymal ram spermatozoa deposited directly into the uterus is much better 
described.  Fournier-Delpech et al. (1979) found no significant difference between pregnancy 
rates of ejaculated and epididymal ram spermatozoa following laparoscopic intrauterine 
insemination.  Similarly, Ehling et al. (2006) and Álvarez et al. (2012) achieved pregnancy 
rates as high as 87% and 55.8% respectively, when frozen-thawed epididymal ram 
spermatozoa was inseminated by intrauterine laparoscopic AI.  In contrast, Heise et al. (2009) 
found exposure to seminal plasma improved the fertility of epididymal stallion spermatozoa 
following insemination directly into the uterine body.  Such differences between the results 
observed in sheep and horses are not altogether surprising given the proposed proteomic and 
biochemical differences between stallion and ram seminal plasma.  Furthermore, direct 
comparisons between studies involving sheep and those aforementioned are difficult as the 
pig, horse and dog deposit semen in the uterus, rather than the vagina as is the case in sheep. 
 
1.2.3.2. During semen preservation 
The process of cryopreservation exposes spermatozoa to high solute concentrations and 
precipitation, pH changes and intracellular ice formation, which can occur during sub-
optimum dehydration or rapid freezing rates (Lovelock 1953; Johnson et al. 2000).  The 
addition of cryoprotectants, such as glycerol and egg yolk serves to limit the degree of 
damage inflicted upon the cell.  Glycerol in particular, acts as a solvent to remove cellular 
water, create ice free pockets within a diluent for spermatozoa during freezing and replaces 
intracellular water, reducing the formation of intracellular ice while maintaining cell volume 
(Amann 1998).  Egg yolk has been suggested to improve the stability of the plasma 
membrane through the binding of low-density lipoproteins (Watson 1975; Moussa et al. 
2002).   
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Nevertheless, despite the addition of important cryoprotectants like glycerol and egg yolk, the 
process of cryopreservation and thawing remains a highly damaging technique and inflicts a 
series of changes to the original sperm membrane and population including, capacitation-like 
effects (Gillan et al. 1997), reduced stability and integrity of the plasma and acrosome 
membrane (Salamon and Maxwell 1995), reduced motility and ability to penetrate cervical 
mucus in vitro (Gillan and Maxwell 1999).  These changes are in addition to the chemical 
changes that occur within the cell, such as the release of glutamic oxaloacetic transaminase 
(GOT), a decrease in phosphatase activity and membrane bound cholesterol, a reduction in 
ATP and ADP synthesis and even the denaturation of DNA (Salamon and Maxwell 1995).  
The changes to the sperm cell as a result of cryopreservation have been described as 
“capacitation-like” (Watson 1995; Maxwell and Johnson 1999).  These changes modify the 
composition of proteins on the sperm membrane and make their membrane permeable to 
calcium ions, increasing their susceptibility to the capacitation and false acrosome reaction.  
This in turn could increase the number of apoptotic cells and reduces the already limited time 
available to interact with the female environment and achieve fertilisation (Maxwell et al. 
2007).  
 
One of the most noticeable differences between fresh and frozen-thawed spermatozoa is its 
reduced ability to achieve fertilisation following cervical artificial insemination (75% v 30% 
respectively; (Evans and Maxwell 1987).  This limited fertility is thought to be due to the 
reduced ability of frozen-thawed spermatozoa to transit the female reproductive tract, in 
particular the convoluted and tortuous ovine cervix, which generally prevents the deep 
penetration of an insemination pipette (Kershaw et al. 2005).  As such, frozen-thawed ram 
spermatozoa can only achieve acceptable pregnancy rates when deposited directly into the 
uterine horns of the ewe via intrauterine laparoscopic insemination (Killeen and Caffery 
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1982).  One exception to this finding is reported by a Norwegian AI farm, which has 
observed pregnancy rates as high as 58% following non-surgical intracervical insemination 
with frozen-thawed spermatozoa (Andersen Berg and Aamdal 1991; Andersen Berg 1999).  
As a result, several attempts have been made to replicate these high pregnancy rates with no 
success.  An Irish group cervically inseminated frozen-thawed spermatozoa from Norwegian 
and Irish breeds and found no significant difference in pregnancy rate, suggesting that 
perhaps ewe breed plays a role in the successful fertility of frozen-thawed spermatozoa 
(Donovan et al. 2004). 
 
Several unsuccessful attempts have made throughout literature to overcome the inability of 
frozen-thawed ram spermatozoa to transit the ovine cervix and achieve fertilisation following 
AI.  Some of these include inseminating with a higher concentration of motile or viable 
spermatozoa and increasing the depth of penetration with the inseminating pipette therefore 
increasing the numbers of spermatozoa within the tract (Evans and Maxwell 1987), re-
concentration of thawed semen by centrifugation (Lightfoot and Salamon 1970a; Lightfoot 
and Salamon 1970b), modification of the genital tract of the ewe through hormonal 
treatments (oxytocin, prostaglandin and relaxin) and electrical stimulation methods to try and 
increase uterine contractions or allow for deeper cervical penetration at insemination (Evans 
and Maxwell 1987).  There has also been a focus on the role of seminal plasma.  Under 
natural conditions decapacitation factors within seminal plasma prevent the capacitation 
reaction occurring prematurely.  Under artificial conditions, cryopreservation, along with 
other assisted reproductive technologies, such as sex sorting, usually involve the dilution of 
semen, hence the reduction or complete removal of seminal plasma and these factors.  As 
such, there has been considerable interest in the possibility of supplementing frozen-thawed 
spermatozoa with seminal plasma or at least its components, in an effort to slow, halt, prevent 
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or repair the handling induced damages incurred during cryopreservation (Maxwell et al. 
2007; de Graaf et al. 2008; Leahy and de Graaf 2012) and enhance fertility in the female 
reproductive tract following cervical AI (discussed in section 4.2) 
 
As discussed throughout this section, spermatozoa undergo a plethora of changes from when 
they first emerge from the rete testis, through the epididymis and upon exposure to seminal 
plasma in the urethra.  At each stage of maturation, spermatozoa are exposed to a number of 
different molecules with different binding characteristics and protein-protein interactions.  
Whether these molecules work independently on rotation or together in concert remains 
unknown.  However, they lead to the attachment and signalling of appropriate biological 
processes necessary for successful reproduction (Töpfer-Petersen 1999).  In vitro, 
reproductive technologies further modify the surface or protein coat of spermatozoa.  
Consequently, numerous studies have focused on the interaction between spermatozoa, 
seminal plasma and the proteins within the plasma membrane which contribute to the 
changes in surface coat during the capacitation reaction as well as agents involved in its 
stimulation and inhibition (Leahy and Gadella 2011).  The goal of these studies being to 
improve or overcome the well described limitations associated with the use frozen-thawed 
spermatozoa.  It would be of great interest for further studies to examine the changing protein 
coat, in particular the tightly bound glycoproteome of spermatozoa.  For example, a 
comprehensive proteomic analysis comparing the glycoproteome membrane changes as a 
result of epididymal transit, ejaculation and sperm storage could help understand the potential 
protein deficits which face cryopreserved spermatozoa compared to ejaculated spermatozoa 
and highlight future candidates which could be used to restore these deficits.  Further to 
increasing the already abundant knowledge on the changes to the sperm membrane during 
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maturation, it could allow the identification of individual proteins with specific functions 
vital to the successful fertility of spermatozoa in vitro and in vivo. 
 
1.3. SEMINAL PLASMA 
 
The components of seminal plasma were first identified by Mann (1964) and include many 
salts, sugars, prostaglandins, enzymes, electrolytes, lipids and various proteins, all secreted 
from organs within the male reproductive system.  These include the testes, epididymis and 
major accessory sex glands (ampulla, seminal vesicles, bulbourethral glands and prostate).  
The composition of seminal plasma is determined by the size, storage capacity and secretory 
output of the organs of the male reproductive tract, namely the accessory sex glands (Mann 
1964) and this varies greatly between species, individual males and even ejaculates of the 
same male.  Comprising the greatest contribution by weight, the protein component of 
seminal plasma is thought to be the most influential modulator of sperm function and fertility, 
yet despite much research, its role on sperm function, particularly during in vitro processing 
but also during sperm physiology in the transit of sperm through the male and female tract 
remains to be fully elucidated. 
 
The following section describes the major proteomic and non-proteomic components of ram 
seminal plasma and illustrates how they vary between other species and individual males. 
 
1.3.1. Constituents 
The non-protein components within seminal plasma include; ions (sodium, potassium, zinc, 
calcium, magnesium and chloride), citric acid, sugars (glucose, fructose, sorbitol, 
glycerylphosphocoline), hormones and cytokines (testosterone, oestrogens, progresterone, 
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lutenising hormone, prolactin and prostaglandins), lipids (cholesterol, phospholipids, 
triglycerides) enzymes and antioxidants (alkaline phosphatases, lactate dehydrogenase, 
superoxide dismutase, glutathione peroxidase, catalase), nitrogenous compounds (ammonia, 
urea, uric acid, creatinine) and reducing substances (abscorbic acid and hypotaurine).  Due to 
the fact that this review aims to investigate the major proteomic influence on sperm function, 
a comprehensive analysis of the biochemical constituents of seminal plasma will not be 
discussed.  Further information on this area can be found in reviews by (Mann 1964; Juyena 
and Stelletta 2012). 
 
Sperm function is highly dependent on the surrounding ionic environment (Hamamah and 
Gatti 1998).  Many of the ions within seminal plasma help to buffer and balance the osmotic 
conditions around the spermatozoa.  Although sodium is the principal ion in ruminant 
seminal plasma and one of the major components in commercial diluents, high levels of 
sodium have been negatively correlated with sperm viability (Massanyi et al. 2003), possibly 
due to the hypotonic resistance of the sperm cell and its limited ability to cope with extreme 
tonicity changes.  Potassium has been shown to increase respiration and fructolysis (Wallace 
and Wales 1964), processes which are vital for successful sperm metabolism, while calcium 
has been strongly linked to sperm motility and the acrosome reaction (Kaya et al. 2002).  
Similarly, magnesium has also been linked to sperm motility in the bull (Jobim et al. 2004) 
but also as a marker of seminal vesicle function in humans (Wong et al. 2001).  Zinc is 
thought to play the primary role in seminal plasma antibacterial (Juyena and Stelletta 2012) 
and antioxidant activity (Gavella and Lipovac 1998), while also helping to control energy 
utilization through adenosine triphosphate systems (Hidiroglou and Knipfel 1984).  The 
importance of these above-mentioned ions for sperm metabolism and survival are not to be 
overlooked.  Many of the commercial diluents imitate the relative concentrations of analytes 
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with seminal plasma to ensure sperm survival in vitro. Spermatozoa are able to withstand a 
certain level of osmotic or hypotonic stress through a process called regulatory volume 
decrease (Yeung et al. 2006) (RVD).  However, when hypotonic stress overwhelms the cells 
ability for RVD, fluctuations between optimal tonicity targets cause osmotic shock, swelling 
and cell death (Druart et al. 2009b). 
 
Sugars are important for energy production, making their concentration highly correlated 
with sperm function (Garner et al. 2001).  In ruminant seminal plasma, fructose is considered 
the main energy-producing substrate (Mann 1964).  Fructose is actually synthesized from 
blood glucose in the seminal vesicles (Kumar and Farooq 1994), therefore it serves as a 
useful indicator of androgen function (Mann and Lutwak-Mann 1976).  Fructose is also vital 
for sperm metabolism being used by spermatozoa to produce ATP (Sánchez-Partida et al. 
1999) which is an important agent in the regulation of sperm motility.  Glycosaminoglycans 
(GAGs) or mucopolysaccharides are long unbranched polysaccharides and have recently 
been identified in the seminal plasma of rams and alpacas (Kershaw-Young et al. 2012).  
Various classes of GAGs exist, but keratan sulfate has been identified in the prostate of the 
ram and due to its hydrophobic nature has been linked with water reabsorption and viscosity 
(Kershaw-Young et al. 2012). 
 
The effect of lipids are thought to be localized to the plasma membrane, with reduced lipid 
concentrations being linked to decreased sperm concentration and motility in the ram (Cross 
1998; Gundogan 2006).  During maturation, sperm membranes undergo a number of changes 
including the alteration of the lipid content of the sperm membrane with mature spermatozoa 
having a higher cholesterol to phospholipid ratio (Quinn and White 1968).  These membrane-
bound lipids are thought to be integral during and following ejaculation, modifying the 
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properties of the plasma membrane, increasing permeability of nutrients and proteins (Parks 
and Graham 1992).  In addition to membrane bound lipids, lipids within the seminal plasma, 
predominantly choline plasmalogens in ruminants (Lovern et al. 1957; Hartree and Mann 
1959; Jain and Anand 1976), have been implicated to play a role in sperm metabolism, 
capacitation and fertilisation of female gametes (Hafez 1987). Seminal lipids have also been 
linked to the ability of spermatozoa to withstand extreme temperature changes, such as cold 
shock.  The lower the ratio of cholesterol to phospholipid, the more susceptible spermatozoa 
are to cold shock, hypotonic cell rupture and the irreversible loss of cell viability (Quinn and 
White 1968).  Phospholipids have even been suggested as an alternative energy substrate for 
spermatozoa in the absence of oxidizable carbohydrates (Scott et al. 1967).   
 
Seminal plasma also contains antioxidants, which help minimise reactive oxygen species, 
lipid peroxidation and oxidative stress.  Oxidative stress is known to cause damage to 
chromatin, proteins and membrane lipids, which can cause a reduction in sperm motility and 
capacity for the acrosome reaction, leading to poor fertility (Armstrong et al. 1999; Waheed 
et al. 2013).  A recent study by Waheed et al. (2013) found the enzymatic antioxidant, 
glutathione peroxidase (GPx) to be present in higher levels in seminal plasma from stallions 
with high motility.  It also varied between seasons, increasing during spring (Waheed et al. 
2013).  Interestingly in boars, superoxide dismutase (SOD) activity was also found to 
increase during spring (Koziorowska-Gilun et al. 2011), suggesting a seasonal effect of 
antioxidant activity between species.  The seasonal variation of antioxidants in ram seminal 
plasma has been well studied (Marti et al. 2007).  Here, despite noticing an increase in 
protein concentration during the breeding season, curiously, the concentration of GPx, SOD, 
and catalase decreased, rising during the non-breeding season.  The authors suggest that the 
high levels of antioxidants during the non-breeding season could be used to ensure an average 
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fertilising potential in sub optimal conditions (Marti et al. 2007).  Nevertheless, when GPx 
and SOD were examined in ram protein fractions (separated via exclusive chromatography), 
the highest amount of GPx and SOD were detected in fractions predominantly made up of 
RSVP14 and RSVP20 (Marti et al. 2007), two proteins previously identified to play a major 
role in preventing and recovering spermatozoa from cold shock (Barrios et al. 2000; Perez-Pe 
et al. 2001; Barrios et al. 2005).  As such, it was suggested that the cryoprotective effect of 
these protein bands could also be related to an increased antioxidant ability (Marti et al. 
2007). 
 
Limited research has been conducted on the role of hormones in ruminant seminal plasma.  
Thought to be released from the leydig cells of the testis, the epididymis, seminal vesicles 
and prostate, their concentration varies between species. Ram seminal plasma contains lower 
levels of oestrogen and testosterone concentrations than that of the bull (Juyena and Stelletta 
2012) but high levels of prostaglandins, which are thought to stimulate the contractile nature 
of the ewe tract.  However the supplementation of prostaglandins during artificial 
insemination have given conflicting reports (Maxwell and Salamon 1993).  Lutenising 
hormone (LH) and follicle stimulating hormone (FSH) have been detected in human 
(Milbradt et al. 1979), bull (Sairam et al. 1980) and buffalo (Tuli et al. 1984) seminal plasma.  
Human samples with high levels of LH recorded higher sperm concentration and motility 
(Milbradt et al. 1979), while in buffalo, both FSH and LH positively correlated with wave 
motion and sperm concentration (Tuli et al. 1984).  Furthermore, FSH and LH helps to 
synthesise insulin growth factor 1 (IGF-1), whose role has been implicated in the capacitation 
and acrosome reaction, increasing velocity characteristics and decreasing lateral head 
displacement (Miao et al. 1998), both known kinematic parameters of sperm motility and 
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correlated with sperm migration through cervical mucus (Keel and Webster 1988; Robayo et 
al. 2008). 
 
The above biochemical and non-proteomic components of seminal plasma are considered to 
be important for successful sperm metabolism and survival.  Many of these components work 
together to buffer the pH and maintain the osmolarity of the surrounding sperm environment, 
ensuring sperm survival in the male and female reproductive tract.  Furthermore, they act as 
the base ingredients for several in vitro semen extenders used today (Evans and Maxwell 
1987; Leahy and de Graaf 2012).   Despite this, the protein component within seminal plasma 
is still thought to play the major role in modifying sperm function, making up the largest 
proportion of seminal plasma by weight and varying considerably between species and 
individuals. 
 
1.3.2. Major protein constituents 
The major protein panel of seminal plasma can be roughly divided into three families of 
proteins; proteins with a fibronectin type-II domain (Fn-2), spermadhesins and cystine rich 
secretory proteins (CRISP).  The individual proteins, which make up the seminal plasma 
proteome vary greatly between species and appear to be multifunctional.  As such, the 
following section will describe the characteristics of the major protein families and how they 
are commonly identified in practice.  It will also summarise the discovery of individual 
proteins within ram seminal plasma, how they compare with different species and vary 
between species, male and ejaculate. 
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1.3.2.1. Fibronectin type-II domain proteins 
Fn-2 proteins are either short and made up of two highly conserved tandomly arranged Fn-2 
modules (BB domains) with one or two short N-terminal peptides (A domains; Calvete et al. 
1995b; Töpfer-Petersen et al. 2005) or long, with four tandomly arranged Fn-2 modules 
(Saalmann 2001).  Short Fn-2 proteins are released by the ampulla, while long Fn-2 proteins 
are commonly found in the corpus and cauda epididymis (Saalmann 2001).  However, both 
forms bind to the acrosome and the midpiece through an interaction with choline 
phospholipids on the sperm membrane (Ekhlasi-Hundrieser et al. 2005b) while also having 
high affinity for heparin, high density lipoproteins and glycosaminoglycans.  As such, these 
proteins have been suggested to be involved in the capacitation process (Calvete et al. 1997; 
Manjuanth and Thérien 2002) and the establishment of the oviducal sperm reservoir 
(Gwathmey et al. 2003), due to their ability to interact with and modify the plasma 
membrane.  Fn-2 proteins have been reported to display more than 80% interspecies sequence 
identity (Saalmann 2001) and have been identified in cattle (Manjunath and Sairam 1987), 
horses (Calvete et al. 1995a; Ekhlasi-Hundrieser et al. 2005b), pigs (Calvete et al. 1997), 
humans (Schäfer et al. 2003), goats (Villemure et al. 2003b) as well as rams (Barrios et al. 
2005; Bergeron et al. 2005; Jobim et al. 2005; Cardozo et al. 2008), with these proteins 
predominantly featuring in the seminal plasma of the bull and stallion (Nauc and Manjunath 
2000).  Fn-2 proteins that have been identified in the ram mainly include binder of sperm 
proteins (BSP; (Manjuanth et al. 2009) termed RSP14, RSP15 and RSVP14 and RSVP20 
(due to their exclusive secretion from the seminal vesicles).  These latter two proteins, 
weighing 14 and 20kDa respectively (Barrios et al. 2005), are not only thought to protect 
spermatozoa from cold shock but are also involved in preventing sperm capacitation and 
attracting gamete interaction (Barrios et al. 2000; Barrios et al. 2005; Cardozo et al. 2008).   
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1.3.2.2. Spermadhesins 
Spermadhesins contain a single CUB domain which is stabilised by two conserved disulfide 
bridges with cysteine residues (Töpfer-Petersen et al. 2005).  They are mainly secreted in the 
seminal vesicles, with the exception of a boar spermadhesin secreted in the epididymis 
(Ekhlasi-Hundrieser et al. 2002).  Like Fn-2 proteins, they have specific heparin, 
phospholipid, glycoprotein and carbohydrate binding abilities (Topfer-Petersen et al. 1998) 
tightly adhering to the plasma membrane via phosphotidyl ethanolamine (Calvete et al. 
1995a).  These binding properties have been attributed to varying functions including, 
modulating immune response (Assreuy et al. 2002b), carbohydrate mediated fertilising 
events, formation of the oviducal sperm reservoir (Ekhlasi-Hundrieser et al. 2005a), 
capacitation and gamete interaction (Rodríguez-Martinez et al. 1998).  Spermadhesins have 
been identified in the bull, boar, stallion and ram, making up the greatest contribution to boar 
(Topfer-Petersen et al. 1998) and ram (Bergeron et al. 2005) seminal plasma, comprising 
90% and 45% respectively.  A 15.5kDa spermadhesin was identified in ram seminal plasma 
by Bergeron et al. (2005), it is possible that this protein has since been characterised as 
Bodhesin (Souza et al. 2012).   
 
1.3.2.3. Cystine Rich Secretory proteins 
The third protein family, CRISP, has predominately been identified in stallion and rodent 
seminal plasma and are composed of 16 invariant cysteine residues joined by disulfide bonds, 
dividing the molecule into three domains (Töpfer-Petersen et al. 2005).  In the horse, CRISP-
1 has been identified in the epididymis, CRISP-2 in the testis and CRISP-3 in the ampulla 
(Reinert et al. 1997; Reineke et al. 1999).  They have been implicated in sperm maturation, 
sperm-oocyte fusion, innate host defence, capacitation and ion channel blockage (Töpfer-
Petersen et al. 2005).  To date, CRISP proteins have yet to be identified in the ram. 
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The proteins contained within seminal plasma have been the focus of much attention since 
the early 1950s, with the belief that the identification of individual proteins could lead to the 
examination of their effect on sperm function both in vitro and in vivo. Perhaps the earliest 
record of the proteins within seminal plasma was reported by Mann and Lutwak-Mann 
(1976), who used the components within seminal plasma to assess the function of the 
accessory sex glands (Mann 1974).  Since then technology has evolved to enable a more 
detailed quantification of the proteomic components within seminal plasma. 
 
1.3.2.4. The characterisation of major ram seminal plasma proteins 
Proteomic assessment typically involves the isolation and separation of individual proteins 
and takes advantage of the different physical and biochemical characteristics of amino acids, 
such as ionisation behaviour, molecular weight and solubility characteristics (Garret and 
Grisham 2008).  There are three main methods, which have been used to separate and 
characterise seminal plasma proteins in many species.  The following section pays particular 
attention to the methods used to generate information on the major proteins within ram 
seminal plasma.  These methods include gel electrophoresis, reverse phase liquid 
chromatography (RPLC) and the coupling of RPLC with strong cationic exchange (SCX) to 
separate proteins in two dimensions.  Following separation, mass spectrometry is then used to 
identify peptides and the resultant proteins. 
 
Gel electrophoresis separates proteins based on molecular weight and is reliant upon a porous 
support matrix such as polyacrylamide or agarose.  This matrix allows movement based on 
the size of the pores.   SDS (sodium dodecylsulfate)-Polyacrylamide gel electrophoresis, is 
one such technique which interacts with chains of peptides and overrides any existing peptide 
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charge.  The degree of peptide movement down the gel is inversely proportional to the 
logarithm of the peptides molecular weight (Garret and Grisham, 2007).  Gel electrophoresis 
can be conducted in one (1D) or two dimensions (2D), with 2D gel electrophoresis separating 
proteins based on both molecular weight and isoelectric point (the pH at which a particular 
molecule carries no net electrical charge).  It is for this reason that 2D electrophoresis is 
commonly used in protein analysis today, enabling a greater separation of proteins with 
varying properties.  Isoelectric focusing electrophorectically separates proteins according to 
their pI.  Once a pH gradient is established throughout the gel, the protein mixture moves 
down the gel based on their respective pI’s.  Barrios et al. (2000) utilised 1D-SDS PAGE to 
visualise the protein profile of ram seminal plasma and identified 20 bands ranging in 
molecular weight from 10kDa to 200 kDa.  The majority of bands were grouped below 70 
kDa.  This study primarily aimed to investigate the ability of these separated bands to recover 
the membrane integrity of cold shocked spermatozoa, indicating an early desire to identify 
markers of sperm function, a goal which continues in seminal plasma research today.  The 
use of 2D-SDS PAGE on a 12% acrylamide gel, 5 years later, confirmed the presence of 21 
protein spots within ram seminal plasma (ranging in molecular weight from 15-115 kDa and 
a pI from 3.2-8.7), yet refined the majority of proteins within ram seminal plasma to be less 
than 30 kDa (Jobim et al. 2005).  Around the same time, Barrios et al. (2005) continued his 
earlier work and confirmed the presence of a 14 and 20 kDa protein present in ram seminal 
plasma, which was responsible for the protective and restorative effects noted during 
cryopreservation.  It was also determined that this role may be linked to their decapacitation 
nature as both the binding and release of these two proteins were modified during the 
acrosome and capacitation reaction (Barrios et al. 2005).  Further immunoctyochemistry 
analysis of these two proteins revealed that they are secreted from the seminal vesicles 
(Fernández-Juan et al. 2006).  A considerable jump in the number of protein bands/spots 
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within ram seminal plasma occurred in 2008 with the identification of 195 protein spots using 
2D-SDS PAGE in a study by Cardozo et al. (2008).  The significant increase in identified 
proteins between Jobim et al. (2005) and Cardozo et al. (2008) was thought to be due to an 
optimised protein solubilisation protocol with tributyl phosphine and the use of a 
polyacrylamide linear gradient gel (9-20%) with a narrow pH range.  Since the discovery of 
RSVP14 and 20 kDa and other protein bands, a considerable number of studies have used 
SDS PAGE to visualise the changing patterns of ram seminal plasma, investigating the effect 
of changing season (Cardozo et al. 2006; Leahy et al. 2010b), sperm maturation (Oliveira et 
al. 2010) and even correlation with sperm function (Yue et al. 2009; Goularte et al. 2014).  
With the application of other protein separation techniques described below, studies have 
gone on to characterise more and more proteins. 
 
Reverse phase high performance liquid chromatography (RP-HPLC) uses ion exchange 
chromatography to exchange one polypetide for another via a solid hydrophobic support 
matrix or column. Protein solutions are passed through a charged column often filled with 
resin beads.  Proteins adsorb and elute from the column based on their hydrophobic 
properties or polarity (Carr 2002).  The first study to characterise the major ram seminal 
plasma proteins using RP-HPLC, was conducted by Bergeron et al. (2005).  With a 
combination of alcohol precipitation, gelatin and heparin affinity chromatography, SDS 
PAGE, RP-HPLC and N-terminal sequencing, Bergeron et al. (2005) identified a 
predominant 15.5 kDa spermadhesin protein which contributed to approximately 45% of total 
protein within seminal plasma (by weight) as well as four proteins belonging to the BSP 
family; RSP 15, 16, 22, 24 kDa which contributed to approximately 20% of total protein.  As 
an aside, BSP proteins were originally referred to as Bovine Seminal plasma Proteins, but 
were later renamed Binder of Sperm Proteins by Manjuanth et al. (2009) to avoid 
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nomenclature confusion owing to the large increase in BSP genes being identified in a 
number of different species.  The validation of these BSP proteins identified by Bergeron et 
al. (2005) in ram seminal plasma, were later reported by Jobim et al. (2005) using 2D-SDS 
PAGE and western blotting,  confirming their structural homology to the BSP A1, A2 and 
A3, proteins previously identified in bovine seminal plasma (Manjunath and Sairam 1987).  
 
The sensitively and versatility of RP-HPLC can be increased by coupling the method with 
strong cationic exchange (SCX), which together is referred to as 2D-LC.  Strong cationic 
exchange uses negatively charged salt resin to bind positively charged peptides (Garret and 
Grisham, 2007).  Increasing the salt concentration displaces bound peptides according to their 
charge and the competition in binding to the column.  SCX is generally considered the most 
sensitive and efficient separation method due to its increased identification of low abundance 
proteins (Das et al. 2010).  When used in conjunction with mass spectrometry, there is the 
possibility of identifying many more proteins than previously possible with SDS PAGE or 
liquid chromatography.  Although conducted in other species (mainly humans), 2D-LC has 
yet to be used to characterise the proteins within ram seminal plasma. 
 
Mass spectrometry is the most central analytical tool in proteomics as it allows measurement 
of the mass of a peptide or protein with high sensitivity and accuracy.  In addition to 
qualitative analysis, mass spectrometry can also be used to examine post-translational 
modifications and the abundance or concentration of certain proteins in a largely automated, 
high throughput manner.  Today a wide number of mass spectrometers are available, ranging 
in sensitivity.  Up until recently, the application of these highly specialised proteomic 
techniques had yet to be applied to seminal plasma from domestic mammals and focused 
heavily on human seminal plasma.  With a similar interest in identifying biomarkers of sperm 
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function predominantly for the treatment of infertility, comprehensive mass spectrometry 
analyses have identified over 2000 proteins within human seminal plasma (Pilch and Mann 
2006; Batruch et al. 2010).  However, Souza et al. (2012) recently identified 41 proteins in 
ram seminal plasma using a combination of 2D electrophoresis and mass spectrometry.  
While demonstrated in previous studies, the Fn-2 proteins RSVP 14/20 and spermadhesin 
Bodhesin, were found to be the most abundant, yet several other novel proteins were 
identified including; clusterin, angiotensin converting enzyme, matrix metalloproteinase-2 
tissue inhibitor of metalloproteinase-2, plasma glutamate carboxypeptidase, albumin, 
latoferrin, alpha enolase, peroxiredoxin, leucine aminopeptidase, β-galactosidas among 
others.  To date this is the most comprehensive list of ram seminal plasma proteins, however 
with advancing technologies separating proteins even further and more sensitive mass 
spectrometry equipment being released, there is the potential to uncover many more as well 
the individual characteristics of each protein. 
 
The components within seminal plasma, both proteomic and non-proteomic have been 
identified using a variety of advanced proteomic and biochemical techniques.  Considerable 
variation in protein composition has been noted between species and even between ejaculates 
of individual males. 
 
1.3.3. Variation between species 
As alluded to above, the protein composition of seminal plasma has been found to vary 
considerably between species.  This is thought to be due to the noted anatomical differences 
in the size and shape of the accessory sex glands within the male reproductive tract.  For 
example, the boar has very large bulbourethral, prostate and seminal vesicle glands while in 
the ram, bull and stallion, the seminal vesicles are still large but the bulbourethral and 
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prostate glands are relatively small or disseminated (Maxwell et al. 2007).  As such the 
majority of boar seminal plasma proteins are secreted from the seminal vesicles and the bull 
and stallion have a moderate contribution.  In striking contrast, camelid and canine species 
lack seminal vesicles altogether, secreting all their seminal plasma proteins from the prostate 
(Mann 1964).  It could therefore be assumed that camelid and canine species lack the proteins 
present in boar, bull, ram and stallion seminal plasma which are secreted from the seminal 
vesicles.  Unfortunately, this hypothesis has yet to be proven owing to the fact that a 
comprehensive proteomic analysis comparing the protein composition of the major 
mammalian species in a single study does not exist. The production of a comparative seminal 
plasma proteome across numerous species would aid in the identification of proteins 
responsible for reproductive functions specific to particular species, as well as identify highly 
conserved seminal plasma proteins which may be essential to reproductive processes in all 
species. 
 
Table 1.1 illustrates the seminal plasma proteins identified in the seminal plasma of the major 
domestic mammalian species.  It is clear that several proteins are highly conserved across 
several species, with different homologs representing similar proteins. 
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Table 1.1: Major proteins identified in the seminal plasma of the ram, boar, bull and stallion.  Modified from Leahy (2009). 
Protein Family Species Protein MW (kDa) Secreted Possible function References 
Ram AQN-1 15.5 Seminal Vesicles 
Share 70% homology with boar AQN-1 
Most abundant protein (45%) 
Influence sperm capacitation and gamete 
recognition 
(Bergeron et al. 2005; Souza et 
al. 2012) 
Ram 
Bodhesin1/2 16 /20 
Seminal Vesicles 
Low amts in caudal 
epididymis 
Influence sperm capacitation and gamete 
recognition 
Bind to ejaculated spermatozoa 
Similar to goat bodhesin 
(Melo et al. 2008; Souza et al. 
2012) 
AWN-1/-2ab 14/16-17  Epididymis/Testis 
Gamete recognition 
Binds to phospholipids 
Sperm-egg binding at fertilisation 
(Calvete et al. 1997; Topfer-
Petersen et al. 1998) 
AQN-1/-3ab 12/12.89  Seminal Vesicles 
Binds to acrosomal region during capacitation 
Binds to carbohydrates and zona pellucida 
Gamete recognition 
(Sanz et al. 1991; Topfer-
Petersen et al. 1998; Ekhlasi-
Hundrieser et al. 2005a) 
Boar 
PSP-I/ -IIabc 13-14/ Seminal Vesicles Signaling agent to uterine immune environment 
(Rutherford et al. 1992; Assreuy 
et al. 2002a; Caballero et al. 
2005; Manaskova and Jonakova 
2008) 
aSFP 
(SPADH1)a 12.9  
Seminal Vesicles, 
ampulla and 
epididymis 
Lack carbohydrate, heparin and zona pellucida 
binding affinity (Dostalova et al. 1994) 
Bull 
Z13 
(SPADH2)a 13  Seminal Vesicles 
Positively linked to motility and negatively 
correlated with fertility 
(Tedeschi et al. 2000; Moura et 
al. 2006) 
Spermadhesin 
Stallion HSP-7/equine  14  Seminal Vesicles Sperm-egg binding at fertilisation (Reinert et al. 1996; Topfer-Petersen et al. 1998) 
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Ram 
RSVP 14 
RSVP 16 
RSVP 22 
RSVP 24 
14 
16 
22 
24 
Seminal vesicles 
Share homology with bovine FN-2 proteins 
Interact with phospholipids 
Linked to sperm capacitation 
Protection against cold shock and membrane 
damage 
(Perez-Pe et al. 2001; Barrios et 
al. 2005; Bergeron et al. 2005) 
pB1 12.6 Seminal vesicles Linked to sperm capacitation (Calvete et al. 1997) 
Boar DQH 13 Seminal vesicles Zona pellucida binding Oviducal sperm storage 
 
(Jonáková et al. 2007; 
Maňásková et al. 2007) 
Bull BSP 1/3/4 BSP5 
15-16 
28-30 
Ampulla, seminal 
vesicles 
Share homology with ovine FN-2 proteins 
Interact with phospholipids 
Linked to sperm capacitation 
Oviducal sperm storage 
(Thérien et al. 1998; Fan et al. 
2006; Gwathmey et al. 2006) 
 
Fn-2 proteins 
Binder of Sperm 
proteins (BSP) 
Stallion BSP1 BSP-2 
12-22 
16 Ampulla 
Interact with gelatin, heparin, LDL and other 
phospholipids 
(Calvete et al. 1995a; Ekhlasi-
Hundrieser et al. 2005b) 
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1.3.4. Variation between males 
In addition to seminal plasma proteins varying between species, studies have also identified 
differences between individual males and ejaculates.  Several theories have been postulated 
in an effort to describe these differences including season, health and genetics (Smith et al. 
1999; Holt et al. 2005; de Graaf et al. 2007d; Hernández et al. 2007; Domínguez et al. 2008) 
as well as collection method and frequency of collection (Evans and Maxwell 1987; Ledesma 
et al. 2014). 
 
While it is known that the quality of an ejaculate will decrease (lower spermatozoa 
concentrations and volume) with increasing numbers of consecutive ejaculates.  Ledesma et 
al. (2014) recently showed that semen collection from Corriedale rams via artificial vagina 
results in a higher protein concentration and abundance of low molecular weight proteins 
than semen collected via electro-ejaculation.  Interestingly, this differs from results obtained 
by Marco-Jiménez et al. (2008) in Guirra rams, who found no difference in protein 
concentration between samples collected by artificial vagina and electro-ejaculation.  These 
results suggest that other factors may be at play, including genetic or breed differences.   
 
Differences in seminal characteristics between breeds have been shown to exist when 
ejaculates are compared across season (Mert et al. 2009; Aller et al. 2012; Asadpour 2012).  
Being short day breeders, changing photoperiod (summer to autumn) determines the length of 
the breeding season.  Breeds located around the world respond differently to changing 
photoperiods or seasons, with breeds located close to the equator less seasonal than breeds 
located further away from the equator.  Despite rams producing gametes all year round, the 
end of the breeding season brings a reduction in testes weight, semen volume (Setchell 1984) 
and libido (Haynes and Schanbacher 1983).  In some breeds, like Awassi and Akkaraman, 
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variation in semen quality is also noted (Gundogan 2006).  The effect of season on seminal 
plasma proteins has been examined in Rasa Aragonesa (Pérez-Pé et al. 2001a; Cardozo et al. 
2006) and Friesian (Domínguez et al. 2008) sheep breeds. Several studies have reported 
variation in the expression of proteins in seminal plasma collected from rams in both the 
breeding and non-breeding season.  Pérez-Pé et al. (2001a) noticed a decrease in the 
expression of a 20, 21.5, 24, 36 and 67 kDa protein in the non-breeding season compared to 
the breeding season.  Interestingly, the 21.5 kDa has recently been identified as a protein 
which aids in the protection of sperm from cold shock (Perez-Pe et al. 2001).  In another 
study, a 15.9 kDa protein was found to increase in the non-breeding season, indicating a 
negative correlation with sperm function (Cardozo et al. 2006).  Finally, Domínguez et al. 
(2008) saw an increase in the amount of 16.1, 17.4, 23 and 40 kDa protein and a decrease in 
the amount of 16.7, 25.2, 27.5 and 35 kDa protein which bound to the sperm membrane.  
Such differences appear to have an effect on semen processing, as the supplementation of 
seminal plasma collected during the breeding season improves the motility of frozen-thawed 
ram spermatozoa to a greater extent than when seminal plasma collected during the non-
breeding season is used (Domínguez et al. 2008; Leahy et al. 2010b).  Varying 
concentrations of protein(s) within seminal plasma may alter or modify the effect of seminal 
plasma on the function and fertility (including interaction with the female tract) of processed 
spermatozoa (discussed further in section 5).  This hypothesis has yet to be proven.  Using 
cryopreservation or freezing resilience to characterise male variability has been conducted in 
other species (discussed in section 4), yet no such research exists in the ram.  This could be a 
useful starting point in helping to investigate proteins conserved or lost across males and the 
effect of these differences on sperm function 
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1.4. THE ADDITION OF SEMINAL PLASMA TO PROCESSED SPERMATOZOA 
 
Initially thought to act simply as a medium for efficient transfer of spermatozoa to the female, 
seminal plasma has since been implicated in a variety of functional roles important for 
successful reproduction and sperm survival following in vitro processing (sperm storage and 
sex sorting; Leahy and Gadella 2011). 
 
Unfortunately, despite considerable research in a variety of species, particularly the ram, the 
effect of seminal plasma on sperm function is highly variable.  Furthermore, these 
contradictory results appear to be dependent on a number of interacting factors.  These 
include; the species origin of seminal plasma, the time of year or season in which the 
experiment was conducted (Maxwell et al. 2007; Muiño-Blanco et al. 2008; Leahy et al. 
2010b), the type of spermatozoa used (ejaculated or epididymal; Graham 1994), the degree of 
sperm processing in vitro (whether the spermatozoa was washed, cryopreserved or even sex 
sorted; Maxwell et al. 1997; Ollero et al. 1997; Pérez-Pé et al. 2001b; de Graaf et al. 2007a; 
El-Hajj Ghaoui et al. 2007b; Leahy et al. 2010a) and the stage in processing, amount and 
duration of which seminal plasma supplementation occurs (before cryopreservation or part of 
the thawing medium, per protein concentration or volume percentage, for an extended period 
of time prior to insemination; Perez-Pe et al. 2001; Moore et al. 2005; Leahy et al. 2009; 
Leahy et al. 2010a; Leahy et al. 2010b). 
 
The following section will review the effect of seminal plasma reported during sperm storage 
and artificial insemination. Studies on the effect of ram seminal plasma will be the focus, 
with occasional reference to humans and other domestic species (the boar, stallion, bull, cat 
and dog). 
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1.4.1. Effect of seminal plasma supplementation during cryopreservation of 
spermatozoa 
Supplementation of ram spermatozoa with seminal plasma is widely accepted to enhance 
their ability to deal with the various stressors associated with cryopreservation (Maxwell et 
al. 2007; Muiño-Blanco et al. 2008). This beneficial effect has been noted when 
supplementation occurs prior to cryopreservation (Graham 1994; Ollero et al. 1997; Leahy et 
al. 2009; Leahy et al. 2010b) as well as post cryopreservation, when part of the thawing or 
incubation media (Barrios et al. 2000; El-Hajj Ghaoui et al. 2007a; El-Hajj Ghaoui et al. 
2007b; Muiño-Blanco et al. 2008). 
 
Considerable research has focused on the effect of ram seminal plasma during 
cryopreservation and several reviews currently exist summarising this research from the last 
decade (Maxwell et al. 2007; de Graaf et al. 2008; Muiño-Blanco et al. 2008; Leahy and de 
Graaf 2012).  Supplementation of seminal plasma prior to freezing usually improves the 
stability of the sperm plasma membrane (Maxwell et al. 2007; Muiño-Blanco et al. 2008), 
reduces the susceptibility of spermatozoa to cold shock (Perez-Pe et al. 2001; Muiño-Blanco 
et al. 2008) and significantly improves post-thaw sperm motility, acrosome and capacitation 
status (Graham 1994; Maxwell et al. 1999; Maxwell et al. 2007; Leahy et al. 2010b).   
 
Supplementation of seminal plasma post cryopreservation, has been shown to restore or 
reverse cold shock damage (García-López et al. 1996; Barrios et al. 2000; Muiño-Blanco et 
al. 2008) through the adsorption of proteins onto the sperm membrane.  The adsorption of 
proteins is a concentration-dependant interaction, where the degree of restoration depends on 
the concentration of seminal plasma and/or its individual protein components in the 
incubation medium (Barrios et al. 2000).  García-López et al. (1996) used centrifugal 
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counter-current distribution and saw an approximate 30% increase in the viability of cold 
shocked ram spermatozoa following the addition of ram seminal plasma proteins to the 
incubation medium.  Denaturing these proteins consequently removed any effect post thaw 
(García-López et al. 1996), providing further evidence of the role of the protein component 
within seminal plasma. Furthermore, the resuspension and incubation of frozen-thawed ram 
spermatozoa with whole seminal plasma similarly saw an improvement in motility 
characteristics compared to the control (El-Hajj Ghaoui et al. 2007b).  Yet when the 
membrane vesicles were separated and compared to whole seminal plasma, both treatments 
decreased the proportion of acrosome reacted cells but membrane vesicles had no effect on 
cell motility (El-Hajj Ghaoui et al. 2007b). The beneficial effect of seminal plasma as part of 
the thawing medium has also been reported in the boar and stallion (Pursel et al. 1973; 
Okazaki et al. 2009; Garcia et al. 2010; Morrell et al. 2014). 
 
The beneficial effect of seminal plasma supplementation during sex sorting of ram 
spermatozoa has also been well described. Maxwell et al. (1997) suggested the addition of 
10% seminal plasma to boar and ram spermatozoa and 50% seminal plasma to bull 
spermatozoa extenders prior to sorting would result in an improvement in cell viability and 
acrosome integrity.  Later, Leahy et al. (2009) also examined the effect of seminal plasma 
supplementation at different stages of the sorting process and confirmed earlier reports by 
Maxwell et al. (1997) with addition prior to sorting being the most effective.  Like 
cryopreservation, the beneficial effect noted during sorting is thought to be due to protective 
nature of individual seminal plasma proteins, particularly protection against oxidative stress 
(Leahy et al. 2010a).  Interestingly, when de Graaf et al. (2007a) compared the effect of 
seminal plasma supplementation post thaw, non-sorted spermatozoa benefited from the 
presence of seminal plasma, while the quality of sex sorted spermatozoa declined.  This 
40 
suggests that the effect of the presence or absence of seminal plasma and the stage at which 
its supplementation is most beneficial may be determined, at least in part, by the condition of 
the sperm membrane and the degree of handling induced damage inflicted upon the sperm 
cell (de Graaf et al. 2007a). 
 
In addition to the described beneficial effect of ram seminal plasma during cryopreservation, 
studies in other species have reported a detrimental effect.  While the co-incubation of 
frozen-thawed stallion and boar spermatozoa with seminal plasma was found to improve 
sperm motility, it is routinely removed from ejaculates prior to freezing (Pursel and Johnson 
1975; Love et al. 2005; Moore et al. 2005; Morrell et al. 2014).  Remarkably, washed boar 
spermatozoa was more resistant to cold shock (Pursel et al. 1973) and had a higher post thaw 
motility compared to unwashed spermatozoa (Eriksson et al. 2001) while washed stallion 
spermatozoa had higher rates of survival and DNA integrity (Love et al. 2005; Morrell et al. 
2014). The post thaw addition of seminal plasma to epididymal cat spermatozoa resulted in 
lower percentages of progressively motile spermatozoa with intact plasma membranes 
compared to when spermatozoa was incubated with a tris diluent (Thuwanut and Chatdarong 
2009).  Similarly, dog seminal plasma was found to have a negative effect on the motility of 
spermatozoa after chilling (Rota et al. 1995). Moreover, in the bull, seminal plasma has been 
shown to restore motility levels reduced by the ‘dilution effect’ (Mann 1964) yet 
consequently reduce the motile lifespan of cells (Baas et al. 1983) and accelerate cell death 
(Shannon 1965; Way et al. 2000).  Similarly, there was no effect of seminal plasma 
supplementation on the motility of washed frozen-thawed and epididymal spermatozoa 
(Graham 1994).  As a result of the often detrimental effects of bull seminal plasma, its use in 
bovine breeding programs has yet to be fully explored and is not well supported (Vishwanath 
and Shannon 2000; Leahy and de Graaf 2012).    
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Interestingly, while some studies have reported either a beneficial or detrimental effect of 
seminal plasma, some studies have failed to see any effect during cryopreservation. Monteiro 
et al. (2011) compared epididymal and ejaculated stallion spermatozoa prior to and after 
freezing and found no significant difference in the total motility or progressive motility of 
treatments, indicating no effect of stallion seminal plasma.  It was originally hypothesised 
that perhaps the reason for this lack of effect was related to the low concentration or amount 
of seminal plasma added.  However, when Morrier et al. (2003) investigated the effect of 
seminal plasma during storage at 5°C, these authors also failed to observe an effect of ram 
seminal plasma supplementation, despite varying the concentration (0, 10, 25 %) 
supplemented.   
 
The huge variability and evident confusion noted in the effect of seminal plasma in a range of 
species has not only prevented its application in reproductive technologies but also created 
doubt regarding the true role or function of seminal plasma.  With the protein component of 
seminal plasma known to be the biggest modulator of sperm function, it has been 
hypothesised that the contradictions noted in seminal plasma effect could be explained by 
differences in the presence and/ or variable concentration of these individual proteins.  
 
Studies in the bull (Killian et al. 1993; Jobim et al. 2004), buffalo (Asadpour et al. 2007) and 
ram (Goularte et al. 2014) have attempted to link the expression of certain protein bands with 
individual freezing resilience.  In the above-mentioned studies seminal plasma was collected 
from individual males with high or low freezing resilience and separated using SDS-
polyacrylamide gel electrophoresis.  In the bull, four protein bands ranging in molecular 
weight from 11- 22 kDa were found to be more abundant in the seminal plasma of bulls with 
high freezing resilience, whereas one protein, with the molecular weight of 25-26 kDa was 
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more abundant in the seminal plasma from bulls with low freezing resilience.  Although a 
total of 12 protein spots were identified using 2D SDS-PAGE, interestingly no single 
ejaculate contained all 12 protein spots (Jobim et al. 2004), once again confirming the huge 
variation in protein composition amongst ejaculates and males.  Similarly in the buffalo, 
ejaculates with high viability post thaw were significantly correlated with the presence of a 
24.5kDa band, while a 45kDa band was correlated with abnormal morphology post thaw 
(Asadpour et al. 2007).  From the results achieved above in both the bull and buffalo, it could 
be assumed that low molecular weight proteins (<25 kDa) are associated with enhanced 
sperm function, while high molecular weight proteins (>25 kDa) are associated with poor 
sperm function post thaw.  In the ram, two low molecular weight protein candidates are the 
Ram Seminal Vesicle Proteins, RSVP14 and 20.  These two proteins, weighing 14 and 20kDa 
respectively (Barrios et al. 2005), are not only thought to protect spermatozoa from cold 
shock when added prior to freezing but are also adsorbed onto the plasma membrane of 
damaged thawed spermatozoa, modifying and restoring the membrane to states similar to that 
of live cells.  Furthermore, these proteins have been shown to be involved in preventing 
sperm capacitation and attracting gamete interaction (Barrios et al. 2000; Barrios et al. 2005; 
Cardozo et al. 2008).  Dissimilar results have been reported by Goularte et al. (2014) in the 
ram, who identified a 24 kDa protein band to be associated with reduced sperm motility and 
membrane integrity post thaw.  Despite this contrast in results, the above studies provide 
encouraging evidence of the link between protein expression and freezing resilience, with the 
potential to use individual proteins described by these protein bands as markers of fertility. 
 
Recent studies have begun the arduous task of screening individual seminal plasma proteins 
for their effect on sperm function during cryopreservation.  One potential candidate is Zinc-2-
alpha glycoprotein (ZAG), a 43kDa glycoprotein thought to be involved in the cyclic AMP 
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pathway and major signalling pathways for regulating mammalian sperm motility (Ding et al. 
2007; Qu et al. 2007).  Existing studies in the human, report ZAG to be a forward motility 
activator, which utilises the cAMP pathway to regulate flagella movement (Schuh et al. 2006; 
Ding et al. 2007), suggesting in the human ZAG is a positive marker of fertility.  A closer 
examination of the role of ZAG on sperm function during cryopreservation would be of 
interest in future studies, with the aim of potentially labeling ZAG as a marker of sperm 
freezing resilience in rams.  Bernardini et al. (2011) identified epididymal secretory protein 
E1 and synaptosomal-associated protein 29 in the acrosomal region of ram spermatozoa.  
Using an immobilisation technique, these proteins were found to bind to the sperm membrane 
and repair some of the ultrastructural cryodamage caused during cryopreservation (Bernardini 
et al. 2011). The heparin binding protein, PDC-109 (now known as BSP1) was found to have 
a detrimental effect on the motility and viability of frozen-thawed bull spermatozoa, due to its 
ability to interact with cholesterol and destabilise the sperm membrane (Thérien et al. 1998; 
Srivastava et al. 2012).  Furthermore, the alteration of the plasma membrane affects the 
ability of spermatozoa to undergo the acrosome and capacitation reaction as well as cope with 
the pressures of cryopreservation (Purdy and Graham 2004).  This concept even extends to 
wildlife species, like the Asian elephant.  Lactotransferrin was present in over 85% of 
ejaculates with good motility and absent in 90% of ejaculates with poor motility.  While 
Lactotransferrin has been identified in a range of biological fluids, it is thought to assist in 
cell binding of iron and act as a natural antioxidant (Kiso et al. 2013). 
 
The potential application of this research could have widespread effects for applied 
reproductive technologies.  In addition to understanding more about the complex and variable 
nature of seminal plasma, these proteins could be used to improve the efficiency and success 
of breeding programs around the world.  Knowledge on the composition of seminal plasma 
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could be used to screen individual males prior to their introduction to breeding programs to 
ensure their freezing success.  Dependant on the importance of their genetic material, proteins 
known to improve or reduce semen quality post thaw could be supplemented, modified or 
attempted to be removed from the sample prior to freezing.  RSVP14 and 20 could assist in 
the formation of improved diluents to reduce cold shock and improve cryopreservation 
(Barrios et al. 2005).  The sequestration of BSP1 has been conducted in bull ejaculates prior 
to cryopreservation with encouraging results.  By simply coating the inside of collection 
tubes with antibodies raised against BSP1, the freezability of crossbred bull spermatozoa was 
improved (Srivastava et al. 2012).  In the sheep, the goal would be to supplement frozen-
thawed spermatozoa with seminal plasma (and or its individual proteins) that had been shown 
to improve freezing success or aid transport in the female tract.  Examining the role of 
individual seminal plasma proteins on epididymal ram spermatozoa could be a vital starting 
point in achieving this goal. 
 
1.4.2. Effect of seminal plasma supplementation during sperm transit in the female 
tract 
In response to the limited fertility associated with cervical artificial insemination and frozen-
thawed ram spermatozoa (discussed in section 1.2), considerable research has focused on the 
potential advantages of using seminal plasma to aid sperm survival and transit through the 
female reproductive tract.  
 
Maxwell et al. (1999) demonstrated frozen-thawed ram spermatozoa were able to recover 
their ability to traverse the cervix and fertilise ewes at a synchronised oestrus, when 
supplemented with 20 or 30% seminal plasma after thawing.  However, seminal plasma had 
no effect when frozen-thawed spermatozoa were inseminated directly into the uterus 
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(bypassing any interaction with the cervix) demonstrating that the effect of seminal plasma 
on sperm transport was localised to transit through the cervix.  The above authors suggested 
that the capacitation-like changes, characteristic of frozen-thawed spermatozoa, are restored 
with the addition of seminal plasma, thought to contain de-capacitating factors.  This 
restoration would consequently allow the successful interaction and survival of spermatozoa 
in the lower reaches of the tract, at least in part due to the extended longevity or cell survival 
of de-capacitated spermatozoa.  This beneficial effect of seminal plasma has also been 
documented following liquid preservation of ram spermatozoa (López-Pérez and Pérez-
Clariget 2012).  Here, the addition of 30% seminal plasma prior to sperm preservation 
improved the pregnancy rate of ewes following cervical insemination.  Interestingly, the 
authors also compared the effect of bovine seminal plasma, yet observed no effect, indicating 
a species-specific role of ovine seminal plasma, which perhaps contains different components 
or target receptors necessary for successful ovine cervical transit.  This lack of effect is not 
altogether surprising given the well documented equivocal effect of bovine seminal plasma as 
a protective medium both in vitro and in vivo (Leahy and de Graaf 2012).  Similarly, in the 
pig, although boar seminal plasma has been associated with negative effects during 
cryopreservation, its presence prior to insemination as part of the incubation medium has 
been shown to improve pregnancy rates compared to that of fresh spermatozoa (Rozeboom et 
al. 2000; Garcia et al. 2010).   
 
In concordance with the contradictory results obtained regarding the effect of seminal plasma 
during cryopreservation, its effect during artificial insemination with cryopreserved 
spermatozoa has also been inconsistent (El-Hajj Ghaoui et al. 2007b; O'Meara et al. 2007; 
Leahy et al. 2010a).  Leahy et al. (2010a) found the pregnancy rate of frozen-thawed 
spermatozoa inseminated with additional seminal plasma to vary between day or rep (2 
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Days).  On Day 1, ewes inseminated cervically with frozen-thawed spermatozoa exposed to 
additional seminal plasma achieved similar pregnancy rates to spermatozoa inseminated 
laparoscopically.  Yet on Day 2, no beneficial effect of seminal plasma was witnessed, 
despite using identical sources of spermatozoa and seminal plasma.  This variation was 
postulated to be related to differences related to the female environment, particularly the 
inhibition or resistance of spermatozoa inside the cervix.  A similar lack of effect of seminal 
plasma supplementation was also observed by El-Hajj Ghaoui et al. (2007b) and O'Meara et 
al. (2007).  In these studies, supplementation of 20% seminal plasma in the thawing medium 
of cryopreserved spermatozoa prior to cervical insemination failed to elicit the improved 
pregnancy rate reported by Maxwell et al. (1999). 
 
As has previously been described in this review, it has been hypothesised that the variable or 
contradictory nature of seminal plasma during female transport could be related to the ratio of 
beneficial and detrimental components within seminal plasma, specifically the protein 
component. The mechanism/s behind this interaction between seminal plasma and/or its 
individual proteins, spermatozoa and the female reproductive tract remains to be elucidated.  
However, several theories have been raised and documented in the following reviews 
(Robertson 2005; Suarez 2006; Maxwell et al. 2007; Robertson 2007; Druart 2012) 
suggesting either an immunological or specific protein interaction. 
 
1.4.2.1. Seminal plasma acts as a signalling agent to the female immune system 
Experiments conducted in the mouse and pig have shown that the conception or pregnancy 
success can be compromised if the female is not exposed to seminal plasma.  Seminal plasma 
components such as cytokines, prostaglandins and hormones are transferred to the female 
from seminal plasma, where they bind to receptor target cells in the female cervix or uterus 
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and initiate a cascade of important processes vital for the events of ovulation, conception and 
pregnancy (Robertson and Sharkey 2001; Robertson 2007).  Cytokines are important 
indicators of the inflammatory response, attracting neutrophils and macrophages, which help 
clear excess spermatozoa and microorganisms introduced during mating from the female 
tract.  Interleukins 6 and 10 as well as tumor necrosis factor also help to maintain 
immunological balance and avoid rejection of spermatozoa by the female reproductive tract.  
Specifically in pigs, seminal plasma initiates the release of prostaglandins, which in turn 
activates oestrogen to mediate uterine contractions, helping to transport spermatozoa to the 
upper regions of reproductive tract (Claus 1990; Rozeboom et al. 1999) while also protecting 
spermatozoa from the increased numbers of neutrophils (Rozeboom et al. 1999).  
Confirmation of this importance has been demonstrated using embryo transfer experiments in 
mice.  When recipient females were mated with seminal vesicle impaired males, the 
transferred embryo failed to develop and grow normally (Bromfield et al. 2004).  As 
previously mentioned seminal plasma has been suggested to be involved in sperm transport 
of viable spermatozoa but also sperm elimination of non-viable spermatozoa through acting 
as a modulator of sperm-induced inflammation or breeding-induced endometriosis.  
However, to ensure it doesn’t interfere with the successful implantation and development of 
pregnancy, the process of inflammation and sperm elimination needs to be intricately 
balanced (Troedsson et al. 2005).  Interestingly, studies in the mare found seminal plasma to 
reduce the duration of breeding induced inflammation (Troedsson et al. 2001), while assisting 
in the protection of spermatozoa from phagocytosis (Troedsson et al. 2000; Alghamdi et al. 
2004).  Breeding induced inflammation has been shown to negatively affect the progressive 
motility and velocity of stallion spermatozoa.  In the presence of seminal plasma, while 
motility was still impaired, there was a reduced number of spermatozoa binding to 
polymorphonuclear neutrophils and targeted by phagocytosis (Troedsson et al. 2001).  
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Despite considerable research focusing on the proteomic component of seminal plasma and 
their effects on sperm function, it is still important to consider all constituents of seminal 
plasma from a molecular, cellular and immunological viewpoint.  To date, limited work 
exists on the immunological effect of ram seminal plasma and the potential signalling agents 
that could be responsible for the communication between the male and female reproductive 
tract.  It should be noted that this may be less important in the sheep given the 
aforementioned fact that epididymal spermatozoa delivered directly to the uterus are highly 
fertile (Fournier-Delpech et al. 1979) so seminal plasma immune signalling facilitating sperm 
survival and transport in the upper reaches of the female tract or for implantation of the 
conceptus is presumably not essential. 
 
1.4.2.2. Seminal plasma influences the interaction of spermatozoa with cervical 
mucus 
Another theory which may explain the beneficial impact of seminal plasma on sperm transit 
is related to its ability to modify the interaction of spermatozoa with cervical mucus.  The 
biochemical structure and composition of cervical mucus varies greatly over the oestrous 
cycle (Druart 2012) and has long been considered an important player in the modulation of 
sperm migration.  The individual components and how these change in concentration over the 
oestrous cycle is unfortunately outside the scope of this review, yet it would be of great 
interest to try and correlate improved sperm migration with mucus composition, in an effort 
to identify factors which influence sperm migration in the ewe.  The ability of spermatozoa to 
penetrate cervical mucus in a capillary tube was first described by Kremer (1965) to test 
human fertility.  Since then a modified form has been used repeatedly in livestock species, in 
particular sheep, comparing the penetration ability of epididymal, ejaculated or washed 
ejaculated spermatozoa in either synthetic (Lorton et al. 1981; Suttiyotin et al. 1992; de Graaf 
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et al. 2007a; Martínez-Rodrígueza et al. 2012) or natural mucus from ewes in oestrus 
(Maxwell et al. 1999).  Seminal plasma and/or its individual proteins have been shown to 
enhance the ability of human (Overstreet et al. 1980), ram (Maxwell et al. 1999), buffalo 
(Arangasamy et al. 2005) and macaque (Tollner et al. 2008) spermatozoa to migrate through 
cervical mucus in vitro.  Studies in the human (Keel and Webster 1988) and ram (Suttiyotin 
et al. 1992; Suttiyotin et al. 1995; Robayo et al. 2008) found a significant correlation 
between mucus penetration and sperm motility, velocity and morphology.  However, in the 
study by Keel and Webster (1988), 10-15% of human patients with otherwise normal sperm 
characteristics demonstrated poor mucus penetration ability.  Additionally, 5-40% of human 
patients with abnormal semen characteristics demonstrated superior mucus penetration 
ability.  Therefore, these results suggest cervical migration tests may provide information 
about sperm function not attainable by motility or morphology analysis alone.  This alludes to 
the idea that seminal plasma and its individual proteins may confer some other trait to 
spermatozoa which influences mucus penetration beyond increasing sperm quality and 
motility.  
 
Other studies have begun to investigate the influence of individual seminal plasma proteins 
on the ability of spermatozoa to traverse the female tract.  Heparin and gelatin binding 
proteins (Arangasamy et al. 2005) and the glycoprotein β defensin 126 (Tollner et al. 2008) 
can increase the ability of epididymal and ejaculated spermatozoa to penetrate mucus, in the 
buffalo and macaque monkey, respectively.  These results are biologically significant because 
during natural mating these proteins are thought to adhere to the sperm surface at ejaculation 
and modify sperm function and fertility (Arangasamy et al. 2005).  The protein, β defensin 
126 has been linked to modifying the negative net charge of the sperm membrane and this 
electrostatic interaction between spermatozoa and mucus has been hypothesised to influence 
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the ability of spermatozoa to penetrate mucus (Tollner et al. 2008).  Other studies have also 
demonstrated the importance of the presence of key proteins on the sperm surface for their 
successful navigation through other selective barriers within the female reproductive tract, 
such as the utero-tubal junction. For example, Cho et al. (1998) demonstrated mouse sperm 
lacking Fertilin-β were unable to migrate from the uterus to the oviduct and achieve 
fertilisation despite having otherwise morphologically and functionally normal spermatozoa.  
Similarly, the uptake and migration of spermatozoa from sperm storage tubules in birds has 
been attributed to the stimulation of motility by heat shock protein 70 (Hiyama et al. 2014), 
which interestingly has also been identified in ram seminal plasma (Souza et al. 2012).  
While it is acknowledged that the reproductive tract of birds is vastly different to mammals, it 
is possible that a similar protein related mechanism may be at play within the ovine cervix.  A 
seminal plasma protein that binds to the surface of spermatozoa could be required for 
successful transit through the mucus within this part of the genital tract.  Remarkably, no 
work currently exists that examines the effect of individual seminal plasma proteins on the 
cervical mucus penetration ability of ram spermatozoa.  Clearly, considerable further research 
is required to investigate individual proteins within ram seminal plasma that may promote 
mucus penetration, the mechanisms by which this may occur and the way in which 
spermatozoa interact with the mucus of the cervix. 
 
1.5. CONCLUDING REMARKS AND OBJECTIVES OF THE CURRENT STUDY 
 
From the review of the literature above, it is clear that seminal plasma is a complex fluid 
comprising a number of proteomic and biochemical analytes that play an important role in 
sperm maturation and survival in the female reproductive tract (Sostaric et al. 2008; Dacheux 
et al. 2009; Aalberts et al. 2014; Gadella and Luna 2014).  Research over the past decade has 
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shown that seminal plasma varies greatly in its effect on sperm function during 
cryopreservation and sperm transport in the female tract following insemination (Maxwell et 
al. 2007). 
 
Seminal plasma has been shown to support and stabilise the sperm membrane during 
ejaculation and within the female tract (Manjunath and Sairam 1987; Swamy 2004; Töpfer-
Petersen et al. 2005; Troedsson et al. 2005), while in other studies the coating of the sperm 
membrane with seminal plasma proteins during ejaculation has been suggested to decrease 
hypotonic resistance and membrane fluidity of epididymal spermatozoa (Druart et al. 2009b).  
Similarly, seminal plasma has been described as a stimulant to capacitation (Manjuanth and 
Thérien 2002; Manjunath et al. 2007), while also reported to contain several de-capacitating 
factors, which prevent capacitation from occurring until required (Bedford and Chang 1962; 
Dukelow et al. 1967; Muiño-Blanco et al. 2008). These inconsistencies could be attributed to 
differences among species, where variation in accessory sex gland anatomy leads to 
differences in seminal plasma composition and volume.  However, species differences are not 
the only source of variation observed in the effect of seminal plasma on spermatozoa.  
Significant evidence also exists of varied effects within species.  For example, in sheep the 
addition of seminal plasma both prior to and post sperm cryopreservation has been reported 
to improve (Maxwell et al. 1999; Barrios et al. 2000; Perez-Pe et al. 2001; El-Hajj Ghaoui et 
al. 2007a) and decrease (de Graaf et al. 2007a) the cryosurvival of ram spermatozoa.  
Similarly, seminal plasma has been shown to increase (Maxwell et al. 1999), have no effect 
(O'Meara et al. 2007) or inconsistently (Leahy et al. 2010a) affect pregnancy rates of frozen-
thawed ram spermatozoa following cervical insemination. 
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This variability in the effect of seminal plasma seen between species, particularly in the ram, 
is hypothesised to be attributed to differences in the relative abundance of proteins within an 
individual males seminal plasma (Maxwell and Johnson 1999; Maxwell et al. 2007; Muiño-
Blanco et al. 2008; Leahy and de Graaf 2012) which could be determined by a number of 
factors including physiological, pathological, handling and seasonal conditions (Ollero et al. 
1997; Pérez-Pé et al. 2001b; Maxwell et al. 2007; Muiño-Blanco et al. 2008; Leahy et al. 
2010b).  This hypothesis is supported by studies in the stallion (Aurich et al. 1996) and boar 
(Hernández et al. 2007), which demonstrated that the effect of seminal plasma 
supplementation during sperm cryopreservation is dependent on the male from which it is 
obtained, but the possibility of inter-male variation has yet to be tested in the ram.  
 
With the advancement of powerful, high-throughput and incredibly sensitive proteomic tools, 
it is now possible to discover much more information about the components of seminal 
plasma than previously possible.  Qualitative and quantitative proteomic analyses provide the 
opportunity to not only identify novel ram seminal plasma proteins but also to correlate 
differences in the presence, absence or abundance of seminal plasma proteins between 
species, breeds, males and even ejaculates to functional phenotype such as sperm freezing 
resilience.  This could potentially reveal the link between variations in protein expression and 
the effect of seminal plasma on sperm function during cryopreservation and transport in the 
female reproductive tract. 
 
The overall hypothesis of this thesis is that seminal plasma, and its complex individual 
components, have the ability to alter sperm function and fertility of spermatozoa in vivo 
(within the female tract) and in vitro (during cryopreservation).  This hypothesis will be 
examined using the following objectives;   
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I. Characterise and compare the seminal plasma proteome of the major domestic 
mammalian species, with special reference to ram seminal plasma. 
 
II. Characterise and compare the glycoproteome of epididymal, ejaculated, chilled and 
cryopreserved ram spermatozoa in an effort to document the sperm surface changes that 
occur during mixture with seminal plasma and then during in vitro processing 
(cryopreservation). 
 
III. Examine the effect of seminal plasma on the transit of epididymal ram spermatozoa 
through the ovine cervix following artificial insemination and whether potential effects 
are mediated by alteration of objectively measurable sperm parameters or some other 
trait. 
 
IV. Characterise inter-male variation in the resilience of ram spermatozoa to 
cryopreservation and determine whether this difference in freezing resilience could be 
described by variation in seminal plasma source. 
 
V. Use mass spectrometry to characterise and compare the proteomic composition of 
seminal plasma from rams of varying freezing resilience, to determine the causative 
agents within seminal plasma, which may be responsible for these varied effects. 
 
VI. Examine the effect of supplementation of proteins previously correlated with freezing 
resilience on in vitro function of epididymal ram spermatozoa. 
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Chapter 2. Proteomic characterisation and cross 
species comparison of mammalian seminal plasma 
 
The experiments described herein have been published as: Druart, X., Rickard, J.P., Mactier, 
S., Kohnke, P.L., Kershaw-Young, C.M., Bathgate, R., Gibb, Z., Crossett, B., Tsikis, G., 
Labas, V., Harichaux, G., Grupen, C.G., and de Graaf, S.P. (2013) Proteomic characterization 
and cross species comparison of mammalian seminal plasma. Journal of Proteomics 91(0), 
13-22. doi: 10.1016/j.jprot.2013.05.029 
 
2.1. ABSTRACT 
 
Seminal plasma contains a large protein component which has been implicated in the 
function, transit and survival of spermatozoa within the female reproductive tract. However, 
the identity of the majority of these proteins remains unknown and a direct comparison 
between the major domestic mammalian species has yet to be made. As such, the present 
study characterised and compared the seminal plasma proteomes of cattle, horse, sheep, pig, 
goat, camel and alpaca. GeLC-MS/MS and shotgun proteomic analysis by 2D-LC-MS/MS 
identified a total of 302 proteins in the seminal plasma of the chosen mammalian species. 
Nucleobindin 1 and RSVP14, a member of the BSP (Binder of Sperm) protein family, were 
identified in all species. Beta Nerve Growth Factor (bNGF), previously identified as an 
ovulation inducing factor in alpacas and llamas, was identified in this study in alpaca and 
camel (induced ovulators), cattle, sheep and horse (spontaneous ovulators) seminal plasma. 
These findings indicate that while the mammalian species studied have common ancestry as 
ungulates, their seminal plasma is divergent in protein composition, which may explain 
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variation in reproductive capacity and function. The identification of major specific proteins 
within seminal plasma facilitates future investigation of the role of each protein in 
mammalian reproduction.  This proteomic study is the first study to compare the protein 
composition of seminal plasma from seven mammalian species including two camelid 
species. Beta Nerve Growth Factor, previously described as the ovulation inducing factor in 
camelids is shown to be the major protein in alpaca and camel seminal plasma and also 
present in small amounts in bull, ram, and stallion seminal plasma. 
 
2.2. INTRODUCTION 
 
Seminal plasma is a complex secretion of inorganic ions, sugars, organic salts, lipids, 
enzymes, prostaglandins, proteins and various other factors produced by the testes, 
epididymides and accessory sex glands (prostrate, vesicular, ampulla and bulbourethral 
glands) of the male (de Graaf et al. 2007a; de Graaf et al. 2007b; de Graaf et al. 2007c; de 
Graaf et al. 2007d; El-Hajj Ghaoui et al. 2007a; El-Hajj Ghaoui et al. 2007b; Ghaouri et al. 
2007; Maxwell et al. 2007). While the true role of seminal plasma in sperm function and 
male fertility has been widely disputed, it is clear that this fluid aids in the transport of 
spermatozoa through both the male and female reproductive tract while simultaneously 
influencing sperm physiology. For example, components within seminal plasma, particularly 
proteins, have been shown to influence sperm maturation (Dacheux 1980; Dacheux and 
Paquignon 1980; Dacheux  et al. 1998), sperm membrane stabilisation and capacitation 
(Chang 1957; Manjunath and Therien 2002) and even interaction with the oviduct 
(Gwathmey et al. 2003; Gwathmey et al. 2006) and oocyte (Schambony et al. 1998; Topfer-
Petersen et al. 1998). Nonetheless, information on the effect of seminal plasma on sperm 
physiology is often contradictory, with seminal plasma reported to exert positive or negative 
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effects on sperm function depending on the species studied. Even within the same species, 
huge variation in the effect of seminal plasma on sperm function has been described (Gillan 
and Maxwell 1999; Maxwell et al. 1999; Maxwell and Johnson 1999; Sánchez-Partida et al. 
1999; O'Meara et al. 2007; Leahy et al. 2010a; Leahy et al. 2010b; Leahy et al. 2010c; Leahy 
et al. 2011). 
 
It has been hypothesised that this variation in function and effect could be explained by 
variation in the protein composition of seminal plasma, perhaps caused by the marked 
differences in accessory sex gland size and structure between the species. For example, the 
boar has very large bulbourethral, prostate and vesicular glands, whilst in the ram and bull the 
vesicular glands are still large but the bulbourethral and prostate glands are relatively small or 
disseminated (de Graaf et al. 2007a; de Graaf et al. 2007b; de Graaf et al. 2007c; de Graaf et 
al. 2007d; El-Hajj Ghaoui et al. 2007a; El-Hajj Ghaoui et al. 2007b; Ghaouri et al. 2007; 
Maxwell et al. 2007). In camelids, the vesicular glands are completely absent (Merket 1990; 
Fowler 1999).  Unfortunately, this hypothesis remains untested as despite it having been long 
established that the inorganic composition of seminal plasma varies widely between species 
(Mann 1964), variation in protein composition remains largely unknown.  Among the seminal 
plasma proteins, the spermadhesins and the BSPs (Binder-of-Sperm-Protein) have been 
extensively studied over the last years given their impact on sperm physiology and 
preservation (Schambony et al. 1998; Topfer-Petersen et al. 1998; Calvete and Sanz 2007; 
Hernández et al. 2007; Manjunath et al. 2007; Cardozo et al. 2008; Melo et al. 2008). But to 
date, a limited number of studies performing a systematic analysis of seminal plasma proteins 
using high throughput proteomics have been performed (Kelly et al. 2006; Moura et al. 2007; 
Souza et al. 2012).  In fact, while the proteome of human seminal plasma has been 
comprehensively described with an actual list of more than 2000 proteins identified (Pilch 
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and Mann 2006; Batruch et al. 2010; Milardi et al. 2012), relatively few of the proteins 
present within the seminal plasma of the major domestic mammalian species have been 
identified. This dearth of information is primarily due to the fact that global proteomics is yet 
to be applied in these species.  Clearly, their application in a large-scale comparative study 
has the potential to greatly inform our understanding of the function of seminal plasma.  
Improved knowledge of the seminal plasma proteome would aid in the identification of those 
proteins responsible for reproductive functions specific to particular species e.g. induction of 
ovulation in camelids (Kershaw-Young et al. 2012), as well as identify highly conserved 
seminal plasma proteins which may be essential to reproductive processes in all species.  
Candidate proteins to improve sperm function during application of assisted reproductive 
techniques such as cryopreservation or sex-sorting by flow cytometry may also be identified 
(de Graaf et al. 2008; Leahy and de Graaf 2012). 
 
As such, the aim of the present study was to characterise and compare the seminal plasma 
proteomes of the main commercially relevant domestic mammalian species (boar, bull, ram, 
buck, stallion, alpaca and camel) using GeLC-MS/MS and shotgun proteomic approach (2D-
LC coupled with tandem mass spectrometry).   
 
2.3. MATERIALS AND METHODS 
 
2.3.1. Collection and preparation of seminal plasma 
Procedures herein were approved by The University of Sydney’s Animal Ethics Committee.  
Unless otherwise stated all chemicals were supplied by Sigma-Aldrich, NSW Australia. 
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Ram (n=3 males; Merino), bull (n=12 males; Holstein), goat buck (n=3 males; Alpine), camel 
(n=3 males; Dromedary), horse (n=3 males; Palouse) and alpaca (n=3 males; Huacaya) 
semen were collected using artificial vaginae. Boar semen (n=3 males; Large White) was 
collected using the gloved hand technique. Semen from each species was pooled and seminal 
plasma was separated from spermatozoa by centrifugation (10000 × g, 10 min, room 
temperature). The supernatant was centrifuged again (10000 × g, 10 min, room temperature) 
and stored at -80°C. 
 
2.3.2. SDS PAGE and densitometric quantification 
SDS-PAGE electrophoresis was carried out according to Laemmli's method (Laemmli 1970) 
on 8–16% gradient polyacrylamide gels (14×16 cm or 6×8 cm) using 15 µg of protein in each 
lane.  After electrophoresis, proteins were Coomassie blue-stained (G-250) and quantified. 
Densitometric quantification of Coomassie blue-stained protein bands was performed by 
transmission acquisition with an ImageScanner (GE Healthcare, Orsay, France) and analyzed 
with totallab (Nonlinear Dynamics Limited, Newcastle, UK). All values were normalized to a 
total volume of 100 and compared by calculating the average and standard error for three 
replicates.  
 
2.3.3. GeLC-MS/MS 
Proteins contained in the major bands of seminal plasma observed after SDS PAGE and 
Coomassie staining were identified by tandem mass spectrometry (GeLC-MS/MS). The gels 
bands were cut into small blocks. Gel blocks were rinsed with water and acetonitrile before 
being reduced with 10 mM TCEP at 37°C for 1h and alkylated with 50 mM iodoacetamide 
for 30 min at room temperature in the dark. They were incubated overnight at 37°C in 25 mM 
NH4HCO3 with 12.5 ng/µl trypsin (Promega, Sydney, Australia). The tryptic fragments were 
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extracted, dried, reconstituted with 0.1% (v/v) formic acid, and sonicated for 10 min. They 
were then subjected to positive ion nano-flow electrospray analysis using a QSTAR Elite 
MS/MS instrument (Applied Biosystems / MDS SCIEX, Forster City, CA) coupled to a 
model 1100 Capillary and nano LC chromatographer (Agilent technologies, Palo Alto, CA). 
Samples were loaded on a reverse phase (RP) trapping cartridge (ZORBAX 300SB-C18 
column - 0.3 x 5 mm, 5 µm particle size, 300 Å pore size) and separated using an analytical 
column (ZORBAX 300SB-C18 column - 0.1 x 150 mm, 3.5 µm particle size, 300 Å pore 
size). The reverse phase gradient of acetonitrile with 0.1% (v/v) formic acid was 0 – 30 min 
5% (v/v) constant (while salt gradient was running), 5 – 15% (v/v) for 3 min, 15 – 30% (v/v) 
linear gradient for 57 min and then 30 – 60% (v/v) for 15 min to elute peptides at a flow rate 
of 0.8 µl/min.   
 
The mass spectrometer operated in information dependent acquisition (IDA) mode. A TOF-
MS survey scan was acquired (m/z 400 - 1800, 1 s) with the three most intense multiply 
charged ions (counts > 60) in the survey scan sequentially subjected to product ion analysis.  
Product ion spectra were accumulated for 2 s in the mass range m/z 100 – 1600 with a 
modified Enhance All mode Q2 transition setting. Dynamic exclusion was used with a 45 s 
and 200 ppm window.   
 
2.3.4. 2D LC-MS/MS 
For each species, a total of 100 µg of seminal plasma protein was suspended in 50 mM 
ammonium bicarbonate, reduced with 10 mM TCEP at 37°C for 1 h and alkylated with 50 
mM iodoacetamide at room temperature for 30 min in the dark.  Trypsin was added at a ratio 
of 1:100 (enzyme:substrate) and incubated overnight at 37°C.  The complex peptide mixture 
was acidified to less than pH 2 by addition of TFA, before desalting and concentration by 
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solid phase extraction (SPE) using an activated Oasis HLB SPE column (Waters Corporation, 
Massachusetts, USA).  Peptide samples were separated using an on-line Strong Cation 
eXchange (SCX) column (BioSCX Series II, 0.8 x 50 mm, 3.5 µm particle size, 300 Å pore 
size) coupled to RP columns, in a salt step-gradient method, before tandem mass 
spectrometry.   
 
Each biological sample was run in duplicate with 7 SCX fractions and then 2h RP-LC-
MS/MS analysis. Samples were eluted from the SCX column using step gradient fractions of 
2.5, 5, 7.5, 10, 15, 20 and 100% salt buffer (500 mM ammonium formate, 5% (v/v) 
acetonitrile, 1% (v/v) formic acid).  The salt step-gradient was 0 – 3 min gradient from 0% 
salt buffer to the previous fraction salt percentage, 12 min linear gradient to the current salt 
buffer set, 2 min constant salt buffer, linear reduction of salt over 5 min, then washing of the 
SCX and trap column with 5% (v/v) ACN, 0.1% (v/v) formic acid for 8 min before switching 
the flow to the RP pump for analytical separation of peptides as previously described for 
GeLC-MS/MS.   
 
2.3.5. Data Analysis 
Q-STAR wiff files were uploaded into Mascot Daemon (v. 2.2) and Mascot Generic Files 
(MGF) were generated using extract_msn with the following parameters: minimum mass, 
300 Da; maximum mass, 4000 Da; automatic precursor charge selection; minimum peaks, 10 
per MS/MS scan for acquisition; and minimum scans per group, 1. MS/MS ion searches were 
performed using Mascot search engine (Matrix Science, London, U.K.; version 2.2) against 
the mammalia taxonomy of NCBInr_210812 database (1126860 sequences). The mass 
tolerance was 0.2 Da for both precursors and fragment ions. The search parameters included 
trypsin as a protease with allowed 2 missed cleavages, carbamidomethyl cysteine and 
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methionine oxidation as variable modifications. Mascot results obtained from the target and 
decoy databases searches were subjected to Scaffold 3 software (v 3.6.4, Proteome Software, 
Portland, USA).  Scaffold was used to validate MS/MS based peptide and protein 
identifications, and merge the data from the different species. Peptide identifications were 
accepted if they could be established at greater than 95% probability as specified by the 
Peptide Prophet algorithm (Keller et al. 2002).  Protein identifications were accepted if they 
could be established at greater than 95% probability and contained at least one identified 
peptide (Nesvizhskii et al. 2003).  Protein identifications were manually curated to ensure 
that differences for individual proteins, such as species-specific isoforms, were minimal.   
 
2.3.6. Gene Ontology 
Seminal plasma proteins were categorized by location and by molecular function from 
Uniprot (www.expasy.org) and the Gene Ontology database (www.geneontology.org). 
 
2.3.7. Western Blotting 
Beta nerve growth factor (NGF) and zinc alpha-2 glycoprotein (ZAG) were detected by 
western blotting. The affinity of the antibody directed against human NGF toward seminal 
NGF was very different between species. Therefore the amount of seminal plasma proteins 
deposited on each lane of the gel had to be adjusted to allow detection or avoid saturation. 
The amounts were 50 µg, 10 µg, 50 µg, 50 µg, 50 µg, 1.6 ng and 1.6 ng for respectively, 
boar, bull, ram, buck, stallion, alpaca and camel seminal plasma. Human recombinant beta 
Nerve Growth Factor (7.6 ng) was used as a control. Identical amounts (10 µg) of seminal 
plasma proteins from the different species were deposited on gels for the detection of ZAG. 
Human recombinant ZAG (0.2 ng) was used as a control. 
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Semidry transfer of proteins was performed over 1.5h at 0.8 mA/cm2. The western blots were 
blocked with TBS-Tween 20 (0.5%, w/v), supplemented with lyophilized low-fat milk (5% 
w/v). Membranes were incubated with rabbit polyclonal antibodies directed against human 
ZAG (1/1000, v/v, sc11358, Santa Cruz) or human bNGF (1/5000 v/v, sc548, Santa Cruz) 
under mild agitation overnight at 4°C. The second antibody was a goat anti-rabbit conjugated 
with peroxidase (dilution 1:5000). The peroxidase was revealed with chemoluminescent 
substrates and the images recorded on film or digitized with a cooled CCD camera. No 
reaction was observed with the secondary antibodies alone. 
 
2.4. RESULTS 
 
2.4.1. SDS PAGE comparison of seminal plasma 
SDS-PAGE analysis of seminal plasma proteins revealed a general electrophoretic profile in 
the 5-250 kDa range with a predominance of proteins with a molecular weight below 25 kDa, 
in reducing conditions (Figure 1a). Their quantification by densitometry after coomassie-blue 
staining revealed that the proportion of proteins with a MW below 25 kDa was equal to 
62.8% (buck), 80.1% (bull), 66.8% (ram), 85.3% (boar), 84.6% (stallion), 67.6% (camel) and 
81.5% (alpaca) of the total proteins present in the seminal plasma of each species.  
 
The major bands were subjected to MS identification and a list of quantitatively predominant 
proteins was established (Figure 1b). Boar seminal plasma showed a high predominance of 
fibronectin and spermadhesins (AQN1, AQN3, AWN, PSPI and PSPII). Bull seminal plasma 
showed elevated amounts of proteins from the BSP family (BSP1, BSP3, BSP5) and horse 
seminal plasma was characterised by high amounts of KLK1E2, CRISP3 and BSP1.  The 
seminal plasma of small ruminants (ram and buck) shared high amounts of bodhesin2, 
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RSVP14 and TIMP2, while alpaca and camel seminal plasma produced a SDS PAGE pattern 
predominated by the presence of a 13 kDa protein identified as beta Nerve Growth Factor 
(bNGF). 
 
Figure 1:  A. SDS PAGE of seminal plasma proteins. Identical amounts (100 µg) of 
seminal plasma proteins from boar, bull, buck, ram, stallion, alpaca and camel were separated 
on a 6-16 % acrylamide gel and stained with Coomassie Blue. B. Gene names of 
predominant proteins identified in gel bands. For each species, a series of bands were cut 
and subjected to identification by MS. For each band, the gene name of the most predominant 
protein is indicated.  
 
2.4.2. bNGF in seminal plasma 
After SDS-PAGE and densitometric quantification, bNGF was shown to represent 47.0% and 
24.0% of the total protein content in alpaca and camel seminal plasma, respectively.  The 2D-
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LC-MS/MS confirmed the predominance of bNGF in alpaca and camel seminal plasma and 
also identified bNGF in lower amounts in bull, ram and stallion seminal plasma. Using an 
antibody directed against human bNGF, the presence of bNGF was further confirmed by 
Western blot in alpaca, camel and bull seminal plasma (Figure 2). No cross reactivity could 
be detected with ram and stallion NGF.  
 
 
Figure 2. Immunodetection of beta Nerve Growth Factor (bNGF). Seminal plasma 
proteins from boar, bull, ram, buck, stallion, alpaca and camel were loaded on a 6–16% SDS-
PAGE, blotted, and probed with anti-human bNGF antibody. bNGF was detected in the 
seminal plasma of bull, ram, stallion, alpaca and camel by 2DLC MS/MS. A strong 
immunoreaction at approximately 13 kDa was observed in alpaca, camel and bull seminal 
plasma. Recombinant human bNGF was used as positive control.  
 
2.4.3. 2D-LC-MS/MS identification of proteins 
Tandem mass spectrometry of 2D-LC derived samples identified a total of 302 proteins in the 
seminal plasma of the goat buck (n=160 proteins), ram (n=109 proteins), bull (n=89 
proteins), boar (n=82 proteins), stallion (n=59 proteins), camel (n=21 proteins) and alpaca 
(n=10 proteins). The complete list of proteins and the species in which they were identified 
are described in Supplementary file 1.  Spectrometric data of the identified proteins and their 
respective identified peptides are described in Supplementary files 2 and 3, respectively.   
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A subset of 55 proteins was shared among at least 3 species (Table 1).  Two proteins 
(nucleobindin 1 and seminal vesicle RSVP14) were identified in all species and lactoferrin 
was identified in 6 species. Commonality between the seminal plasma proteome of each 
species is displayed in Table 2. If we exclude the camelids, for which the number of proteins 
identified was too low for similar comparison, the phylogenetic distance between species 
could be related to the similarity of seminal plasma proteome. Ram and buck proteomes show 
the highest similarity as ram proteome shows 73, 32, 18 and 13 % of similarity with, 
respectively, buck, bull, boar and stallion (Table 2). 
 
2.4.4. Gene Ontology of seminal plasma proteins 
The location of seminal plasma proteins according to the Gene Ontology definition indicates 
secreted proteins (29 %), proteins originating from membrane and cellular structures (25 %) 
and cytoplasmic proteins (21 %; Figure 3a). The mammalian seminal plasma proteome has a 
range of functional classes, with binding factors and enzymes predominating among the 
identified proteins (Figure 3b).   
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Table 1: Seminal plasma proteins identified in at least three different species. The 
detection of a specific protein in the seminal plasma of each species is denoted by a black 
box.  
Protein name Gene Name Boar Bull Buck Ram Stallion Alpaca Camel 
Nucleobindin 1 NUCB1 1 1 1 1 1 1 1 
Rsvp14 RSVP14 1 1 1 1 1 1 1 
Lactoferrin LTF 1   1 1 1 1 1 
Nucleobindin-2 NUCB2   1 1 1 1 1 1 
Serum Albumin ALB 1 1 1 1 1    
Bodhesin-2 BdH-2    1 1 1 1 1 
Calmodulin CALM 1 1 1 1     1 
Carboxylesterase 5A CES5A 1 1 1 1 1     
Clusterin Preproprotein CLU 1 1 1 1 1    
78 Kda Glucose-Regulated 
Protein Precursor HSPA5 1 1 1 1 1     
Beta-Nerve Growth Factor 
Precursor  NGFB   1   1 1 1 1 
Zinc-Alpha-2-Glycoprotein AZGP1     1 1   1 1 
Protein Plunc Precursor PLUNC            
Sulfhydryl Oxidase 1 QSOX1 1 1     1 1  
Alpha-L-Fucosidase FUCA2  1  1   1 
Beta-Galactosidase  GLB1     1 1     1 
Beta-Actin  beta-actin 1   1       1 
Phosphatidylethanolamine-
Binding Protein 1 PEBP1   1 1   1 
Epididymal Secretory Protein 
E1 Precursor NPC2 1 1 1 1 1     
Serotransferrin TF 1 1 1 1 1     
14-3-3 Protein Zeta Isoform  YWHAZ  1 1 1 1   
Heat Shock Protein HSP 90 
Alpha HSP90AA1   1 1 1 1     
Hypoxia Up-Regulated 
Protein 1 HYOU1   1 1 1 1     
Angiotensin-I Converting 
Enzyme ACE 1 1 1 1       
Hexosaminidase B HEXB 1 1 1 1       
Inhibitor Of Carbonic 
Anhydrase Precursor ICA 1 1 1 1       
Alpha-Mannosidase MAN2C1 1 1 1 1       
Binder Of Sperm 1 BSP1 1 1 1   1    
Peptidyl-Prolyl Cis-Trans 
Isomerase B PPIB 1 1 1   1     
Serine 2 Protein SERPINE2 1 1 1  1   
Peroxiredoxin-5 PRDX5 1 1 1        
Tricct CCT4 1 1 1     
Epididymal Secretory 
Glutathione Peroxidase 
Precursor GPX5 1 1 1        
Phosphatidylethanolamine- PEBP4 1 1 1        
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Binding Protein 4  
Metalloproteinase Inhibitor 2 TIMP2 1 1 1         
Prosaposin Variant 1  PSAP 1 1 1     
Cathepsin B  CTSB 1   1 1       
Cathepsin L1  CTSL1 1 1     1     
5'-Nucleotidase Precursor NT5E   1 1   1     
Complement C3 C3 1 1  1       
Acrosin ACR   1 1 1       
Adenylate Kinase Isoenzyme 
1 AK1   1 1 1       
V-Type Proton Atpase 
Catalytic Subunit A ATP6V1A   1 1 1       
T-Complex Protein 1 Subunit 
Eta  CCT7   1 1 1       
Glucose-6-Phosphate 
Isomerase GPI   1 1 1       
Phosphoglycerate Mutase 2 PGAM2   1 1 1       
Phosphoglycerate Kinase 2 PGK2   1 1 1       
Proteasome Subunit Alpha 
Type 2 PSMA2   1 1 1       
Proteasome Subunit Alpha 
Type 3 PSMA3  1 1 1    
Proteasome Subunit Alpha 
Type 6 PSMA6  1 1 1    
45 Kda Calcium-Binding 
Protein SDF4   1 1 1       
Beta-Mannosidase MANBA   1 1 1       
Deoxyribonuclease Gamma 
Precursor DNASE1L3   1 1 1       
T-Complex Protein 1 Subunit 
Beta CCT2   1 1 1       
 
Table 2. Seminal plasma proteome comparison between species.  Each value is the 
number of proteins shared between two species (column x line). The percentage of the 
proteome from the species in the column common with the species in the line is indicated 
between brackets.   
  Boar Bull Ram Buck Stallion Alpaca Camel 
Boar x 28 (31%) 18 (17%) 29 (18%) 17 (27%) 5 (50%) 6 (29%) 
Bull 28 (34%) x 34 (32%) 50 (31%) 22 (35%) 5 (50%) 7 (33%) 
Ram 18 (22%) 34 (38%) x 77 (48%) 16 (25%) 7 (70%) 12 (57%) 
Buck 29 (35%) 50 (56%) 77 (73%) x 20 (32%) 6 (60%) 11 (52%) 
Stallion 18 (22%) 23 (26%) 16 (15%) 21 (13%) x 8 (80%) 7 (33%) 
Alpaca 5 (6%) 5 (6%) 7 (6%) 6 (4%) 7 (11%) x 7 (33%) 
Camel 6 (7%) 7 (8%) 12 (11%) 11 (7%) 6 (10%) 7 (70%) x 
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Figure 3:  The cellular locations and molecular functions of the mammalian seminal 
plasma proteome.  Seminal plasma proteins were categorised by location (A) or molecular 
function (B) from Uniprot (www.expasy.org) and the gene ontology database 
(www.geneontology.org).   
 
2.4.5. Immunodetection of Zinc Alpha Glycoprotein  
Among the proteins identified in this study, Zinc Alpha Glycoprotein was mainly found in 
ram and buck species and to a lesser extent in camelids. This signature of the ovine/caprine 
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species seminal plasma proteome was confirmed by immunodetection of the ZAG in their 
seminal plasma (Figure 4). 
 
 
 
 
 
Figure 4. Immunodetection of Zinc Alpha Glycoprotein (ZAG). Seminal plasma proteins 
from boar, bull, ram, buck, stallion, alpaca and camel were loaded on a 6–16% SDS-PAGE, 
blotted, and probed with anti-human ZAG antibody. Recombinant human ZAG was used as 
positive control.  
 
2.5. DISCUSSION  
 
To our knowledge, this is the first reported proteomic comparison of seminal plasma between 
multiple species. Additionally, the present study identified a large number of proteins 
previously not described in the seminal plasma of the species studied.  This information 
dramatically increases the published information on the protein composition of goat buck, 
boar, ram, bull, stallion, alpaca and camel seminal plasma and highlights a number of 
similarities and differences in the seminal plasma of each species. 
 
Sheep and goat species, which are genetically close, shared a higher similarity of seminal 
plasma composition than with the other more genetically distant species like the horse and 
pig.  While this disparity between species may simply be a function of genetic relatedness it 
is also worth noting their distinct variation in mating strategy.  The ruminant species studied 
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share a similar reproductive process of vaginal deposition of a low volume, high sperm 
concentration ejaculate.  This contrasts with the stallion and boar which each deposit semen 
directly into the uterus of the female via an ejaculate with low sperm concentration and 
(particularly in the case of the boar) high volume.  Thus, protein differences between the 
species could be a result of different requirements for spermatozoa to interact with the female 
tract e.g. cervical migration. 
 
2.5.1. bNGF in seminal plasma 
The two camelids (camel and alpaca) displayed the least complex seminal plasma proteome 
of the species tested. However, highly abundant camelid seminal plasma proteins were rarely 
shared with other species and if so were observed in relatively lower abundance. The obvious 
example was the highly abundant bNGF (Figure 1), which could also be identified after 
2DLC MS/MS in bull, ram and stallion seminal plasma.  It has recently been confirmed that 
bNGF is the ovulation-inducing factor for alpacas and causes female ovulation after treatment 
(Kershaw-Young et al. 2012). The results of the present study now show that bNGF is also 
highly abundant in camel seminal plasma and is present at lower relative levels in the seminal 
plasma of cattle, horses and sheep.  The abundance of bNGF in camel seminal plasma lends 
weight to the hypothesis that this protein is responsible for ovulation in many, if not all, 
camelid species.  Further investigation of bNGF levels in the seminal plasma of other 
camelids combined with examination of its effect on cycling females is warranted as are 
studies of this nature in non-camelid induced ovulators e.g. domestic cat, rabbit.  The 
presence of bNGF in bull, ram and stallion seminal plasma is surprising as females of these 
species ovulate spontaneously.  As such, the role of bNGF and possible mechanism of 
signaling in spontaneous ovulators remains to be seen, but may represent a fine-tuning of 
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ovulatory processes after mating occurs.  Studies of the effect of bNGF treatment on the 
hypothalamic-pituitary-gonadal pathway of these species would also be beneficial. 
 
2.5.2. BSP related proteins 
In bovine species, the quantitatively major proteins were first described as Bull Seminal 
Plasma proteins (BSPs) (Desnoyers and Manjunath 1994; Fan et al. 2006), then renamed 
according to a new nomenclature, Binder of Sperm proteins, based upon their biological 
functions and their presence in the seminal plasma from several species outside of bovine 
(Manjuanth et al. 2009).  Previous studies described the predominance of several proteins of 
14-22 kDa in ram and buck seminal plasma which were collectively described as, 
respectively, RSP (Ram Seminal Plasma) (Bergeron et al. 2005) and GSP (Goat Seminal 
Plasma) (Villemure et al. 2003a; Villemure et al. 2003b) proteins. Several ram and goat 
seminal plasma proteins, such as RSP-15 (Bergeron et al. 2005) and GSP-14 (Villemure et al. 
2003a; Villemure et al. 2003b) were shown to have homology with BSPs.  In our study, we 
have identified both by SDS PAGE/MS and 2DLC-MS several ram and goat seminal plasma 
proteins present in high amounts in seminal plasma and exhibiting a molecular weight in the 
10-25 kDa range. The predominant proteins were Bodhesin 2, RSVP14, TIMP2 and BSP5 in 
goat, and were Bodhesin-2, RSVP14, TIMP2, GPX5, PGDS and BSP5 in ram. Given the 
high number of different proteins sharing similar MW in this 10-20 kDa range, as shown in 
ram by 2D PAGE (Souza et al. 2012), the identity of the proteins found in our study cannot 
be exactly related to the RSP and GSP previously described.  
 
Interestingly, RSVP14 was also found in the seminal plasma of all the species from this 
study. RSVP14 was described in ram seminal plasma as a 14 kDa protein able to protect 
sperm membrane from cold chock (Cardozo et al. 2008). The RSVP14 gene sequence 
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contains two FN-2 domains, the signature characteristic of the binder of sperm (BSP) protein 
family (Serrano et al. 2013).  The presence of RSVP14 in all species from this study might 
suggest a common role of this seminal plasma protein on sperm functionality, such as an 
involvement in the capacitation process.   
 
2.5.3. Bodhesin-2, zinc α2-glycoprotein, nucleobindins in seminal plasma 
Bodhesin-2 was found in ram, buck, bull, camel and alpaca seminal plasma.  Bodhesin genes 
have previously been described in goat species (Melo et al. 2008).  Bodhesin-2 is part of the 
bodhesin family with high similarity to the spermadhesins and in the buck, originates from 
both the epididymis and seminal vesicles (Melo et al. 2009).  Although it is known to be 
highly abundant in buck and ram seminal plasma (Nascimento et al. 2012; Souza et al. 2012), 
we show for the first time that bodhesin-2 is present in camelids.  Spermadhesins have many 
important effects, such as binding to sperm to facilitate stabilisation of the acrosome or 
interaction between spermatozoa and the oviduct or oocyte.  Bodhesin-2, as a known sperm-
binding protein (Souza et al. 2012), may fulfill these roles in camelids.  
 
In the current study, zinc 2-alpha glycoprotein (ZAG) was found in ram, buck, alpaca and 
camel seminal plasma. ZAG is a 40 kDa single-chain polypeptide, which is secreted in 
various body fluids (Tada et al. 1991) and has previously been described in ram seminal 
plasma (Souza et al. 2012). It is involved preferentially in depletion of fatty acids from 
adipose tissues, subsequently named as lipid-mobilizing factor (Bao et al. 2005).  Seminal 
ZAG originates from the prostate (Hale et al. 2001)and is a biomarker of prostate cancer in 
humans (Descazeaud et al. 2006). ZAG has structural properties similar to MHC class I 
antigen-presenting molecule (Araki et al. 1988), but lacks transmembrane domains which 
explains its presence as a soluble protein in physiological fluids (Freije et al. 1993). Seminal 
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ZAG differs from plasma ZAG by a lesser degree of glycosylation which could explain its 
absence of lipid mobilizing activity in adipocytes (Hassan et al. 2008). The ZAG sequence 
contains an RGD domain (Arg-Gly-Asp) which is involved in its cell binding properties (Lei 
et al. 1999). The role of ZAG in fertility is not well documented, but has previously been 
found on the human sperm membrane and is proposed to be involved in the regulation of 
sperm motility via the cAMP pathway (Bondar et al. 2007; de Graaf et al. 2007a; Ding et al. 
2007; Hernández et al. 2007; Lopez et al. 2007; Qu et al. 2007; Robertson 2007; Sullivan et 
al. 2007; Manaskova and Jonakova 2008). A positive association was also found between the 
amount of ZAG in ram seminal plasma and the proportion of motile spermatozoa in the 
ejaculate (Rodrigues et al. 2013).  Given the supportive effect of ram seminal plasma on 
sperm motility (Leahy et al. 2009; Leahy et al. 2010b; Leahy et al. 2010c), the involvement 
of ZAG on sperm motility in ovine and caprine species deserves further investigation. 
 
Nucleobindin 1 was found in the seminal plasma of all species studied. Nucleobindin 2 was 
found in all species except pig.  Nucleobindins are calcium and DNA binding proteins that 
exhibit post-processing to form peptides with endocrine function. Nucleobindin 1 (NUCB1) 
is found in the Golgi and the nucleus as an intracellular regulator that may also be secreted 
(Gonzalez et al. 2012).  Nucleobindin 2 (NUCB2) is expressed in key hypothalamic nuclei 
involved in body weight control (Oh-I et al. 2006) as well as peripheral regions such as 
adipose tissue (Ramanjaneya et al. 2010), gut (Hu et al. 2010; Zhang et al. 2010) and 
pancreas (Foo et al. 2010). When injected into the brain, a cleavage product of NUCB2, 
nesfatin, reduces food intake (Oh-I et al. 2006) and has been widely studied for its endocrine 
function (Gonzalez et al. 2012).  Our results indicate that NUCB1 and NUCB2 are present as 
full proteins in seminal plasma, with 29% and 27% sequence coverage, respectively.  NUCB2 
was found in bull (Moura et al. 2007) and human seminal plasma (Batruch et al. 2010) and in 
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the cauda epididymal fluid of bulls (Moura et al. 2010; Belleannée et al. 2011). In the current 
study, we show that NUCB1 and NUCB2 are widely expressed among species, although their 
function in reproduction is unknown.   
 
2.5.4. Protein groups in seminal plasma 
Secreted proteins were expected to make up the bulk of the seminal plasma proteome, but 
only 30% of the proteins identified in this study are known to be secreted (Figure 3a).  Other 
proteins were listed as located in the cytoplasm, plasma membrane and lysosome, although 
this term may not represent their sub-cellular location in the highly specific seminal plasma 
environment.  For example, some proteins may be derived from prostasomes, the 
membranous vesicles in human and animal seminal plasma that function to promote fertility 
by binding to spermatozoa and possibly transfer biologically active components (Siciliano et 
al. 2008; Sostaric et al. 2008; Ronquist et al. 2011).  Also, considering the high number of 
proteases present in seminal plasma from the Sertoli cell or accessory sex gland secretions 
(Yin et al. 1990; Wilson et al. 1993) some degradation or released products from the sperm 
cell surface is possible.  Many proteases, such as di- and tri-peptidyl peptidases, 
carboxypeptidases and matrix metallopeptidases, were identified in the present study.  The 
biological role of these proteases and the effect of released peptides on sperm function is an 
avenue for further investigation.   
 
To our knowledge this is the first study to comprehensively report and compare the seminal 
plasma proteomes of the major domestic mammalian species.  Proteomic analysis revealed 
considerable divergence of seminal plasma proteomes between the species with only three 
proteins conserved across all species and numerous proteins unique to individual species.  
While similarities did exist between genetically similar species or those with comparable 
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mating strategy, the overall low number of conserved proteins in all species suggests that 
variation in reproductive biology between mammals is perhaps greater than previously 
hypothesised.  Further comparative studies between species are justified as differences 
between the species may inform investigators of proteins of biological relevance to individual 
species.  
 
Interestingly, bNGF (known to induce ovulation in alpacas) was found to be conserved not 
only in other camelids, but also in several of the spontaneous ovulators examined in this 
study.  A number of other proteins such as Bodhesin-2 and nucleobindins were also identified 
in some the examined species for the first time.  The significance of these proteins in both 
basic and applied male and female reproduction can now be explored and is certainly worthy 
of further investigation.   
 
With continued advances in proteomic techniques and increased annotation of many domestic 
mammalian genomes the true complexity of seminal plasma in each species will no doubt be 
revealed.  However, this study is an important first step in understanding the variable effect 
of seminal plasma observed in each species and the function of its constituent proteins.   
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Chapter 3. A glycoproteomic comparison of 
epididymal, ejaculated, chilled and cryopreserved 
ram spermatozoa   
 
3.1. ABSTRACT 
 
Spermatozoa undergo a plethora of changes, particularly biochemical and structural, during 
epididymal maturation, exposure to seminal plasma at ejaculation and during in vitro 
processing.  Of particular interest is the modification of surface glycoproteins of the plasma 
membrane.  It has been hypothesised that this modification alters the ability of spermatozoa 
to interact with the ovine cervix and reproductive tract. Despite its important function 
relatively little is known regarding the glycoproteome of ram spermatozoa.  Using a 
glycoprotein enrichment method coupled with label free quantitative mass spectrometry, the 
glycoproteome of ram epididymal, ejaculated, chilled and cryopreserved spermatozoa was 
compared. Analysis of these sperm types allowed the identification of the major proteomic 
changes occurring at ejaculation and semen preservation.  A total of 112 glycoproteins were 
identified across the four sperm types and 23 of these significantly differed between the four 
sperm types.  It was expected that this study design would identify the specific proteins in 
seminal fluid which bind to sperm at ejaculation but surprisingly, no distinct difference in 
known seminal plasma proteins were detected between epididymal and ejaculated 
spermatozoa. However, changes to the ram sperm glycoproteome as a result of sperm storage 
were identified. FK506 binding protein, sorbitol dehydrogenase and angiotensin converting 
enzyme were found to be more abundant in epididymal spermatozoa compared to preserved 
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spermatozoa, while acrosome formation-association factor, acrosin and L-amino acid 
oxidase, vitellogenin and apolipoprotein were found to be more abundant in preserved 
spermatozoa compared to epididymal spermatozoa.  This is the first study to investigate the 
glycoproteome of ram spermatozoa and report the changes that occur as a result of sperm 
storage. 
 
3.2. INTRODUCTION 
 
Following emergence from the rete testis, spermatozoa undergo a number of changes during 
epididymal maturation and upon exposure to seminal plasma (Gadella and Luna 2014).  At 
each stage of maturation, spermatozoa are exposed to fluids ranging in protein composition 
(Dacheux et al. 2009; Gadella and Luna 2014) that elicit the biochemical and structural 
changes necessary for spermatozoa to become progressively motile, allow interaction with 
the female reproductive tract and achieve successful fertilisation (Leahy and Gadella 2011).   
 
In the epididymis, major biochemical changes include the recruitment, loss or modification of 
proteins and lipids of the plasma membrane, in particular glycoproteins, sterols and 
phospholipids (Scott et al. 1967; Nikolopoulou et al. 1986; Retamal 2000).  This results in 
the rearrangement of the plasma membrane and the modification of binding sites (James et al. 
1999; Druart et al. 2009b).  Following ejaculation, spermatozoa are exposed to secretions 
from the major accessory sex glands (prostate, ampulla, bulbourethral glands, and seminal 
vesicles), termed seminal plasma (SP) (Mann 1964).  Proteins within seminal plasma coat the 
sperm surface, changing the fertilising capacity of spermatozoa (Dacheux and Paquignon 
1980; Leahy and Gadella 2011; Gadella and Luna 2014).  This new sperm coat interacts with 
choline-phopholipids, low density lipoproteins, heparin and cholesterol, resulting in the 
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further re-arrangement of membrane components and the stabilisation of the sperm 
membrane (Maxwell et al. 2007).  These proteins are often referred to as decapacitation 
factors, which are thought to prevent the capacitation reaction from occurring prematurely 
(Chang 1957; Bedford and Chang 1962).  The capacitation reaction and shedding of these de 
capacitating factors is ultimately responsible for the ability of spermatozoa to bind to the 
oocyte and achieve fertilisation (Gadella 2012; Gadella and Luna 2014).   
 
In vitro, reproductive technologies further modify the surface or protein coat of spermatozoa.  
Cryopreservation has been reported to inflict a series of changes to the original sperm 
membrane including, reduced stability and integrity of the plasma and acrosomal membranes 
(Salamon and Maxwell 1995) and causing capacitation-like effects (Gillan et al. 1997) which 
reduce cell viability and fertility (Lightfoot and Salamon 1969; Salamon and Maxwell 1995).  
Investigation of the effect of cryopreservation on the protein coat of bull spermatozoa has 
revealed that binder of sperm proteins (BSP1, BSP3 and BSP5), which are known for their 
role in oviducal sperm storage mechanisms and the capacitation reaction (Manjuanth et al. 
2009), had a greater affinity for frozen-thawed spermatozoa than fresh spermatozoa.  This 
finding suggests that cryopreservation has the ability to alter the binding affinity of the sperm 
membrane (Ardon and Suarez 2013) and lends support to the hypothesis that 
cryopreservation may alter or modify the proteomic composition of the sperm membrane 
 
These proteomic changes could influence the ability of spermatozoa to interact with the 
female tract and ultimately result in the limited fertility of cryopreserved ram spermatozoa 
after cervical artificial insemination (Maxwell et al. 2007).  However, relatively little is 
known about the protein composition of the ram sperm membrane following exposure to 
seminal plasma, let alone the changes that occur as a result of chilled or frozen storage.  
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Voglmayr et al. (1983) used gel electrophoresis and radio labelling techniques to observe the 
changes in the binding patterns of ram sperm surface glycoproteins throughout the 
epididymis and at ejaculation.  Despite reporting a shift in the size and structure of 
glycoproteins on the membrane of epididymal and ejaculated spermatozoa, specific proteins 
were not identified beyond uncharacterised bands.  One technique commonly used in cancer 
research which has yet to be applied to reproductive studies in domestic mammalian species 
is the use of hydrazide chemistry to separate specific N-linked glycoproteins.  Protein 
glycosylation is an important post translation modification common to extracellular proteins 
(Parodi 2000; Zhang et al. 2003).  Applying this technique to lysed cell membranes would 
offer a novel method of examining the glycoproteins of the ram sperm membrane. 
 
As such, the following study utilised hydrazide chemistry and label free quantitative mass 
spectrometry to investigate the proteomic changes which occur to the ram sperm 
glycoproteome during ejaculation, liquid and frozen storage; specifically, via glycoproteomic 
comparison of epididymal, ejaculated, chilled and cryopreserved ram spermatozoa.   
 
3.3. MATERIALS AND METHODS 
 
3.3.1. Collection of epididymal spermatozoa 
Epididymal spermatozoa (EP) were obtained from the testes of Préalpes rams (n=3; 3 
biological replicates) at slaughter via microperfusion (Dacheux 1980) using a warmed (37°C) 
phosphate buffered saline solution.  Collections were immediately assessed for wave motion 
(scored on a scale of 0-5) and volume.  Collections were only accepted for the experiment 
with a wave motion score of 3 or more.  Collections were pooled across rams and divided 
into three biological replicates, prior to sperm lysis. 
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3.3.2. Semen collection 
Ejaculates were collected by artificial vagina from two Romanov rams (n=2 ejaculates/ 2 
biological replicates) housed at the experimental unit at the Department of Physiology of 
Reproduction and Behavior, National Institute of Agronomic Research (INRA) Nouzilly, 
France and three Charolais rams (n=2 ejaculates pooled/1 biological replicate) housed at the 
InsemOvin Artificial Insemination Breeding Centre, Limoges, France. Ejaculates were 
immediately assessed for wave motion (scored on a scale of 0-5), appearance (thick and 
creamy, milky or watery) and volume.  Ejaculates were only accepted for the experiment with 
a wave motion score of 3 or more, a thick and creamy appearance and if free of blood and 
urine contamination.  Each ejaculate/biological replication was divided into three portions.  
Two portions were put aside for subsequent liquid or frozen storage.  The remaining portion 
was subjectively assessed for motility, prior to sperm lysis.  Briefly, samples (5.5 µL) were 
placed on pre-warmed slides under an 18x18cm coverslip and assessed under a compound 
microscope. 
 
3.3.3. Liquid preservation of spermatozoa 
A portion of the ejaculate was slowly diluted 1:4 (semen: diluent, v/v) with a tris-citrate-
fructose liquid preservation diluent containing 15% egg yolk (v/v) (Evans and Maxwell 
1987).  Samples were then chilled to 15°C and stored for 24 hours.  Samples were warmed 
slowly to 37°C and assessed subjectively for motility (as described above), prior to sperm 
lysis. 
3.3.4. Cryopreservation of spermatozoa 
A portion of the ejaculate was slowly diluted 1:4 (semen: diluent, v/v) with a tris-citrate-
glucose cryoprotective diluent containing 15% egg yolk and 5% glycerol (v/v) (Evans and 
Maxwell 1987).  Samples were then chilled to 5°C over 2 hours and then frozen via the straw 
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method (Evans and Maxwell 1987).  Briefly, 200 µL of sample was loaded into pre-chilled 
0.25 mL straws (IMV, L’Aigle Cedex, France) and sealed with polyvinyl chloride (PVC) 
powder. Straws were randomly loaded onto a pre-cooled freezing rack before exposure to 
liquid nitrogen vapour 6cm above the liquid nitrogen surface for 6 min.  All straws were then 
submerged in liquid nitrogen and stored until assessment.  Prior to assessment, straws were 
thawed in a 37 °C water bath for 30 sec with agitation.  Samples were then subjectively 
assessed for motility (as described above) prior to sperm lysis.  
 
3.3.5. Lysis of spermatozoa and protein digestion 
Epididymal, ejaculated, chilled and cryopreserved samples were washed once in PBS and 
centrifuged (2000 ×g, 20 min, 27°C) on a Percoll gradient (45% Percoll layered onto 90% 
Percoll (both in 0.9% (w/v) NaCl)).  The pellet formed by live sperm was collected and 
washed twice in PBS, before being lysed with equal volumes of 2% (w/v) SDS in 50 mM 
Tris-HCl, pH 7.8 supplemented with protease inhibitor cocktail (Sigma Aldrich, France).  
The solution was clarified via centrifugation (10 000 ×g, 10 min, 4°C) to remove the sperm 
nucleus and cell debris.  The total protein concentration of each sample was determined using 
a Pierce bicinchoninic acid assay (BCA; Thermo Fisher Scientific, Rockford, USA) and 
standardised across all sperm types to 2 mg/mL for biological replicates 1 and 2, while 
biological replicate 3, (with the exception of epididymal samples; 2 mg/mL) were 
standardised to 1 mg/mL, due to lower volumes of sample and protein yield.  Figure 1 
pictorially describes the division of biological and technical replicates.
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Figure 3.1: Pictorial representation of experimental treatments including breed used, biological and technical replicates.  Epididymal 
samples were processed separately to ejaculated, chilled and cryopreserved samples.   BR: biological replicate, TR: technical replicate. 
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Sperm lysis samples were reduced with 10 mM Tris (2-carboxyethyl) phosphine (TCEP) for 
1 hour at 37°C and alkylated with 50 mM iodoacetamide for 30 min at 27°C in darkness.  
Samples were then diluted using 50 mM Tris-HCl pH7.8, to reduce the concentration of SDS 
to under 0.1% (w/v).  Proteins were digested overnight at 37°C with Trypsin (Sequencing 
Grade Modified Trypsin, Promega, France) at a ratio of 1:100 enzyme to protein.  The 
digested peptides were desalted and concentrated via solid phase extraction (SPE) using 
Strata-XL columns (Polymeric Reverse Phase resin 3cc, Phenomenex, France).  Eluates were 
dried via centrifugal evaporation. 
 
3.3.6. Glycoproteome enrichment by Hydrazide-Coupling 
Complex peptide mixtures were resuspended in a coupling buffer of 100 mM sodium acetate, 
150 mM sodium chloride, pH 5.5 and oxidized at room temperature, in the dark with 10 mM 
sodium periodate (end over end rotation; 1 hour).  The oxidation reaction was quenched with 
the addition of 25 mM sodium sulfite for 15 min before addition of 100 µl bed volume of 
washed Affiprep Hz resin (Biorad).  Peptides bound to the resin overnight at room 
temperature with end-over-end rotation.  Unbound peptides were removed with 4 sequential 
wash steps; (1) PBS, (2) 1.5 mM NaCl, (3) a solution of 50% (v/v) ACN, 100% methanol and 
(4) 100 mM triethylammonium bicarbonate, pH 8.5.  The resin was then incubated overnight 
at 37°C with 1 µl of PNGase F (glycerol free; New England Biolabs, France) to release the 
resin bound N-linked glycopeptides.  Released peptides were removed from the resin via 
three rounds of washing with 50% ACN.  Peptides were then dried via centrifugal 
evaporation. 
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3.3.7. 2DLC-MS/MS 
Released peptides were resuspended in 2% ACN and 0.1% formic acid (Sigma-Aldrich).  
Romanoff samples (replicate 1 and 2) were split into 2 equal volumes for each test condition 
for technical duplicate 2DLC-MS/MS runs, while Charolais replicate 3 samples were 
analysed as one technical replicate only, due to the lower original protein yield.  Ejaculated, 
chilled, cryopreserved and epididymal samples were analysed by nanoflow liquid 
chromatography tandem mass spectrometry (nanoLC-MS/MS). All experiments were 
performed on a LTQ Orbitrap Velos Mass Spectrometer (Thermo Fisher Scientific, Bremen, 
Germany) coupled to an Ultimate 3000 RSLC chromatographer (Dionex, Amsterdam, The 
Netherlands). Samples were loaded on an LC Packings trap column (Acclaim PepMap 100 
C18, 100 mm i.d6 2 cm long, 3 mm particles) and desalted for 10 min at 5 mL/min with 4% 
solvent B. Mobile phases consisted of (A) 0.1% formic acid, 97.9% water, 2% acetonitrile 
(v/v/v) and (B) 0.1% formic acid, 15.9% water, 84% acetonitrile (v/v/v). Separation was 
conducted by applying a gradient of 4-55% B (180 min) to an LC Packings nano-column 
(Acclaim PepMap C18, 75 mm i.d6 50 cm long, 3 mm particles) at 300 nl/min. The mass 
spectrometer was operated in data dependent scan mode. Survey full scan MS spectra (from 
300–1800 m/z) were acquired in the Orbitrap analyser with R=30 000. The 10 most intense 
ions with charge states ≥2 were sequentially isolated (isolation width, 3 m/z; 1 microscan) 
and fragmented in the Orbitrap analyser (R=7500) by HCD with normalized collision energy 
of 40%. Dynamic exclusion was active during 30 s with a repeat count of 1. 
Polydimethylcyclosiloxane (m/z, 445.1200025, (Si (CH3)2O)6) ions were used for internal 
recalibration of the mass spectra.  
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3.3.8. Protein identification 
In order to identify proteins, peak lists were generated using a precursor mass range of 350-
5000 Da and a signal to noise ratio of 1.5.  MS/MS ion searches were performed using 
MASCOT Daemon and search engine (v 2.2; Matrix, Science, London, UK, against the 
Mammalia section of a locally maintained copy of nr NCBI (download 01/22/2014). 
Database searches were set with the following parameters; trypsin as a protease, which 
allowed two missed cleavages, carbamidomethylcysteine (+57 Da), oxidation of methionine 
(+16), N-terminal protein acetylation (+42) and asparagine deamidation as variable 
modifications. The tolerance of the ions was set to 5 ppm for parent and 0.05 Da for fragment 
ion matches.  Mascot results obtained from the target and decoy databases searches were 
submitted to Scaffold 3 software (v 3.6, Proteome Software, Portland, USA). Peptide 
identifications were accepted if they could be established at greater than 95.0% probability as 
specified by the Peptide Prophet algorithm (Keller et al. 2002).  Peptides were considered 
distinct if they differed in sequence. Protein identifications were accepted if they could be 
established at greater than 95.0% probability as specified by the Protein Prophet algorithm 
(Nesvizhskii et al. 2003) and contained at least two identified peptides.  Identified proteins 
were matched to UniprotKB entries (www.uniprot.org) by direct accession number 
comparison or by high homology to human, bovine or mouse sequences (above 70% 
sequence match).  
 
3.3.9. Label Free protein quantification 
Scaffold 3 Q+ software was employed (v. 3.6, Proteome Software, Portland, USA) using 
spectral count quantitative module. Distinct proteins, which contained more than 2 peptides 
identified in nrNCBI database with high confidence, were considered for protein 
quantification. To eliminate quantitative ambiguity in protein groups, spectra matching 
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peptides, which were shared across proteins, were ignored.  The expression of each protein in 
each sample replicate (biological and technical) was used to calculate the average protein 
expression in each sperm type (ejaculated, chilled, cryopreserved and epididymal).   Data 
collected during label free quantitative mass spectrometry was further analysed using a 
restricted maximum likelihood model (REML) in Genstat (V 15, VSN International, Hemel 
Hempstead, UK) to identify significant differences in protein expression between each sperm 
type.  Sperm type or treatment (epididymal, ejaculated, chilled, cryopreserved) was specified 
as a fixed effect, while biological replicate (n=3) and technical replicate (n=2; for biological 
rep 1 and 2 only) were specified as random effects.   Differences were determined by least 
significant differences and P<0.05 was considered statistically significant. 
 
3.3.10. Gene ontology and biological processes 
Proteins which were present at significantly higher levels in epididymal or processed 
spermatozoa (chilled and cryopreserved samples), were submitted to the Protein ANalysis 
THrough Evolutionary Relationships (PANTHER; v 9.0) web server, to further investigate 
the biologically processes or gene ontology functions (Mi et al. 2013) associated with each 
protein.  A statistical over-representation test was conducted in PANTHER to identify 
significantly up regulated biological processes (Thomas et al. 2006) in each sperm type.  For 
all analyses, the conservative default settings (human) were used. 
 
3.4. RESULTS 
  
A total of 112 proteins were identified in the glycoproteome of ram spermatozoa 
(Supplementary file 3.1).  Of these 112 proteins, 23 were found to significantly vary in their 
abundance between the four sperm types (P<0.05; Table 3.1).   
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Table 3.1: Proteins present in the glycoproteome of ram epididymal, ejaculated, chilled or frozen spermatozoa, identified by 2DLC-
MS/MS and spectral counting. Columns which differ in superscript, indicate significant differences between protein abundance (P<0.05).  
Blue squares indicate a decrease in abundance compared to epididymal spermatozoa.  Yellow squares indicate an increase in abundance 
compared to epididymal spermatozoa.  Unshaded squares indicate no change between treatments. 
Protein name Gene name MW Epididymal Ejaculated Chilled Frozen 
Serine protease 46-like LOC101102765 34 kDa 54.8a 28.6b 72a 48.8a 
Aconitate hydratase, mitochondrial ACO2 84 kDa 9.8a 4.4b 1a 2.6ab 
Carboxypeptidase Q  CPQ 53 kDa 91.6a 46b 90.8a 39.4b 
ATP synthase subunit alpha, mitochondrial-like ATP5A1 60 kDa 17.8a 20.6b 5.2a 26.6b 
Sodium/potassium-transporting ATPase subunit alpha-4 ATP1A4 114 kDa 26.2a 1b 0.4b 0b 
Sperm acrosome membrane-associated protein 1 SPACA1 30 kDa 45.2a 26.4b 32ab 113.4c 
Tubulin, beta 4B class IVb TUBB4B 50 kDa 6.6a 1.2b 1.8bc 7.8c 
Phosphoglycerate mutase 2 PGAM2 29 kDa 11.8a 1.6b 0b 0b 
Angiotensin-I converting enzyme  ACE 83 kDa 72.8a 0.4b 3.4b 8b 
Sorbitol dehydrogenase  SORD 38 kDa 9.8a 1.8b 0.2c 0c 
FK506 binding protein 1A, 12kDa-like LOC526524 12 kDa 5.2a 1.6ab 0.2b 0.4b 
Acrosin ACR 32 kDa 48.4a 34.2a 64b 62.6b 
Disintegrin and metalloproteinase domain-containing protein 1a-like  ADAM1A 90 kDa 11.2a 16.8a 26.8b 13.4b 
Disinterin and metalloproteinase domain-containing protein 20-like ADAM20 83 kDa 12a 8.4a 33.2b 37.6b 
Acrosome formation-associated factor EQTN 39 kDa 39a 37.2a 65.2b 59b 
Chain D, Bovine Mitochondrial F1-Atpase Complexed With Aurovertin B ATP5B 52 kDa 21.4a 12a 4.2b 23a 
L-amino-acid oxidase IL4I1 74 kDa 24a 24.2a 43.6b 81.6c 
Citrate synthase, mitochondrial-like LOC100708317 52 kDa 0.4a 0.4a 0a 2.6b 
Pyruvate kinase isozymes M1/M2 isoform 9 [Macaca mulatta] PKM2 65 kDa 1a 0a 0a 3.4b 
Ras-related protein Rab-2A [Mus musculus] RAB2A 24 kDa 1.6a 0a 0a 4.8b 
Apolipoprotein B precursor [Gallus gallus] APOB 523 kDa 0.8a 0a 1.4a 5.2b 
Vitellogenin [Gallus gallus] VTG2 205 kDa 2.8a 0.6a 13a 52b 
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Spectral counting revealed several glycoproteins which were more abundant on the 
membrane of epididymal spermatozoa compared to the membrane of ejaculated, chilled or 
cryopreserved spermatozoa.  These proteins included, FK506 binding protein, 
sodium/potassium-transporting ATPase subunit alpha-4 (ATP1A4), phosphoglycerate mutase 
2 (PGAM2), sorbitol dehydrogenase (SORD) and angiotensin-I converting enzyme (ACE; 
Table 3.1).  Only ATP Synthetase (ATP5A1) was found to increase in abundance between 
epididymal and ejaculated spermatozoa. 
 
Spectral counting revealed several glycoproteins, which were more highly abundant in chilled 
and frozen-thawed ejaculated spermatozoa compared to fresh ejaculated sperm.  These 
proteins included, acrosome formation-associated factor (EQTN), acrosin (ACR), sperm 
acrosome membrane-associated protein 1 (SPACA1), L-amino acid oxidase (IL4I1) and 
disinterin and metalloproteinase domain-containing protein 20-like (ADAM20; Table 3.1).   
 
Four proteins were identified to be more abundant in the glycoproteome of frozen-thawed 
spermatozoa compared to epididymal, ejaculated or chilled spermatozoa.  These proteins 
included Ras related protein (RAB2A) and pyruvate kinase isozymes M1/M2 isoform 9 
(PKM2), vitellogenin (VTG2) and apolipoprotein B precursor (APOB; Table 3.1). 
 
Analysis of the proteins found to be more abundant in epididymal spermatozoa by 
PANTHER, revealed that the genes contributed to the up-regulation of biological processes 
such as metabolism, cellular localisation and transport, biological cell regulation and 
response to the changing state of the cell (Figure 3.2).  Analysis of the proteins found to be 
more abundant in processed (chilled and cryopreserved) spermatozoa by PANTHER revealed 
that the genes contributed to the up regulation of biological processes such as cellular 
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process, organisation and development, as well as apoptosis (Figure 3.2).  Within these 
biological processes, the specific generation of energy metabolites and respiratory electron 
transport carriers were significantly up regulated in epididymal spermatozoa (P= 4.16E-02 
and P=2.39E-02 respectively; data not shown). 
 
Figure 3.2: Percentage of proteins contributing to biological processes in epididymal 
and processed sperm (combination of chilled and frozen-thawed glycoproteins) as 
determined by PANTHER (v. 9.0) 
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3.5. DISCUSSION 
 
This is the first study to utilise N-linked hydrazide chemistry and label free mass 
spectrometry to characterise the glycoproteome of ram spermatozoa.  The current study 
identified a total of 112 glycoproteins on the membrane of epididymal, ejaculated, chilled and 
frozen spermatozoa, of which several were found to be more predominant in frozen-thawed 
spermatozoa, suggesting an association with the process of semen preservation.  It confirms 
the variation in membrane protein composition between sperm types and nominates potential 
candidates, which following further studies may be labelled as markers of sperm function.   
 
Several of the glycoproteins, listed in Supplementary file 1, have previously been identified 
in other studies focusing specifically on the sperm membrane.  A recent study in rams by van 
Tilburg et al. (2013) identified 37 proteins on the ram sperm membrane using a combination 
of enriched membrane extracts and tandem mass spectrometry.  Like the current study, 
angiotensin-1 converting enzyme (ACE), carboxypeptidase and heat shock protein 70 were 
identified.  ACE and acrosin have also been identified in other species, such as the boar 
which examined the subsequent interaction of the zona pellucida and glycoprotein pattern of 
ejaculated and in vitro capacitated spermatozoa (Zigo et al. 2013).  
 
The current study identified considerably more proteins than previously reported on the 
membrane of ram spermatozoa and observed several proteins to be more abundantly 
expressed in either epididymal or frozen-thawed spermatozoa compared to ejaculated and 
chilled.  Several of the identified glycoproteins have previously been linked to sperm function 
and the proposed mechanism behind their detection in the current study has been described 
below. 
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3.5.1. Proteins associated with the membrane of epididymal ram spermatozoa  
Several proteins were found to be more abundant in the glycoproteome of epididymal 
spermatozoa compared to ejaculated, chilled or frozen spermatozoa, which was unexpected 
and interesting.  These results could suggest that in vitro processing or handling reduces the 
ability of specific proteins, like FK506 binding protein and ACE, to bind and interact with 
spermatozoa.  Premature capacitation or membrane remodeling which could have occurred 
due to cell washing and stress during lysing (even during preparation of the ejaculated 
treatment) could have resulted in the subsequent removal of seminal plasma and/ or 
epididymal proteins from the sperm surface.   Alternatively, the process of liquid and frozen 
preservation could actively remove these proteins from the membrane.  This could contribute 
to the reduced sperm motility and cell longevity observed in frozen-thawed samples. Lastly, 
the high abundance of these proteins on the membrane of epididymal spermatozoa could infer 
a potential role in epididymal maturation.  However, the lack of a testicular or caput 
epididymal sperm treatment group in the current study prevents confirmation of this 
hypothesis.  The proteome of epididymal spermatozoa has been examined (Dacheux et al. 
2009; Dacheux and Dacheux 2014) yet the addition of a testicular or caput epididymal sperm 
treatment group to further studies comparing ejaculated and preserved spermatozoa would be 
invaluable in mapping the proteomic changes that occur to ram spermatozoa during their full 
life cycle including spermatogenesis, epididymal maturation, ejaculation and in vitro 
processing.  Similarly, exploring the protein profile of vasectomised rams to obtain a “pure" 
seminal plasma sample would provide another angle to investigate those proteins which are 
exposed to spermatozoa at ejaculation.  These further studies could help understand how 
proteins added to the membrane during epididymal transit change during ejaculation and 
cryopreservation. 
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One of the epididymal-abundant proteins, FK506 binding protein, was identified in similar 
amounts on the membrane of epididymal and ejaculated spermatozoa but was less abundant 
following liquid or frozen storage.  Walensky et al. (1998) examined the secretion of FK506 
binding protein from different segments of the epididymis, vas deferens and the accessory sex 
glads.  In the mentioned study, the vas deferens was recorded to contain the second highest 
concentration of secreted FK506 binding protein in the body after the brain.  Recombinant 
forms of FK506 also had a higher affinity for immature rat spermatozoa compared to mature 
rat spermatozoa.  Although Walensky et al. (1998) didn’t examine specific binding of FK506 
the membrane of chilled or frozen-thawed spermatozoa, the identification of FK506 (amongst 
others) in the current study agrees with the earlier work by Voglmayr et al. (1983) and 
Walensky et al. (1998) on the changing glycoprotein patterns of ram spermatozoa. The lack 
of FK506 binding protein on the membrane of preserved spermatozoa could be one of the 
compositional changes which lead to the reduced fertility of frozen-thawed ram spermatozoa. 
 
Another glycoprotein found to be abundant in epididymal spermatozoa was sorbitol 
dehydrogenase.  This protein is known to oxidize sorbitol to fructose for use in sperm 
metabolism and energy processes (King and Mann 1958).  It was also found to sustain 
motility and increase protein tyrosine phosphorylation in mice.  Studies in mice (Cao et al. 
2009) and pigs (Pruneda et al. 2006), identified sorbitol dehydrogenase at different stages of 
epidiymal maturation, in particular on the flagella and membrane of the sperm as well as in 
the epididymal epithelium, respectively. As such, sorbitol dehydrogenase may play an 
important role in the metabolism and activation of sperm motility.  Its reduced abundance in 
frozen-thawed spermatozoa could lead to an impaired ability to mobilise sorbitol and 
fructose, which in turn contributes to the limited function and shortened longevity of frozen 
thawed spermatozoa.  
93 
 Perhaps the most notable difference in protein abundance was angiotensin-converting 
enzyme (ACE).  The abundance of ACE in epididymal spermatozoa was considerably higher 
than that in ejaculated, chilled or cryopreserved spermatozoa.  In addition to its well known 
peptidase activity (Kondoh et al. 2005), ACE has also been reported to have a 
glycosylphosphatidylinositol (GPI) anchored protein releasing function and has recently been 
shown to regulate the action of testis-expressed gene 101 (TEX101) (Fujihara et al. 2013), a 
fetal testis germ cell protein (Jin et al. 2006).  In the current study, the apparent loss of ACE 
from the membrane of epididymal spermatozoa during ejaculation and preservation was 
surprising.  It would therefore be of further interest to re-examine the abundance of ACE in 
ejaculated and preserved spermatozoa.  
 
The high abundance of these proteins in epididymal spermatozoa, in addition to the up 
regulation of metabolism and other cellular biological processes, does infer a potential role in 
sperm development or even storage in the caudal epididymis, prior to ejaculation.  However, 
as has already been mentioned, until a testicular or caput epididymal sperm treatment can be 
analysed, this hypothesis remains to be tested. 
 
3.5.2. Proteins associated with the membrane of liquid and frozen-thawed ram 
spermatozoa  
A number of proteins were found to be more abundant in spermatozoa which had undergone 
liquid or frozen preservation.  This could suggest that (1) these proteins are added to the 
sperm membrane following dilution in cryodiluent, (2) binding affinities for these proteins 
are altered as a result of the process of cryopreservation, or (3) these proteins are emitted 
from the membrane as by-products during semen preservation such as during cryo-
capacitation.  Regardless of the mechanism behind this interaction, this study has confirmed 
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that in vitro processing such as cryopreservation alters the glycoprotein composition of the 
sperm membrane.  It would be of interest to further compare the glycoproteome of 
cryopreserved and in vitro capacitated spermatozoa, to determine whether the capacitation-
like membrane changes (that result from cryopreservation) are similar to what occurs 
naturally within the female or whether they are markedly different events. 
 
For several of the proteins discussed below, many appear to function as a result of cell death, 
a by-product of the cryopreservation process or apoptosis.  L-amino acid oxidase (IL4I1) was 
more abundant in chilled and cryopreserved spermatozoa, with significantly higher levels 
recorded in cryopreserved spermatozoa.  There was no significant difference between the 
expression of IL4I1 between epididymal and ejaculated spermatozoa, suggesting a clear 
association with in vitro processing.  Given the clear distinction in expression between 
treatments in the current study and the previous association of IL4I1 with oxidative stress, it 
is not surprising that in a previous study in the bull, IL4I1 was reported as an apoptosis 
marker, active only after the death of spermatozoa (Shannon and Curson 1972).  The 
increased detection of IL4I1 on the sperm membrane of processed spermatozoa could 
indicate the high presence of oxidative stress and resultant damage.  It could also be 
postulated that the modifications which occur to the sperm membrane as a result of cryo-
damage could make IL4I1 more vulnerable to the extraction and digestion conditions leading 
to their increase in detection.  To date, this is the first study to identify this protein in ram 
spermatozoa and highlights its potential use as a marker of sperm death or even infertility. 
 
A similar situation may have occurred with the increased abundance of acrosin and acrosome 
formation factor (EQTN) reported on the membrane of preserved spermatozoa.  Acrosin is a 
serine protease (Adham et al. 1989) which is synthesised during spermatogenesis and stored 
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in an immature form (proacrosin) in the acrosome.  It is believed that during the capacitation 
reaction, proacrosin is converted to acrosin and released as part of the acrosome reaction 
during zona pellucida binding (Moos et al. 1993; Puigmulé et al. 2011; Mao and Yang 2013).  
EQTN is also thought be involved in the acrosome reaction through endocytic membrane 
trafficking (Hu et al. 2010).  The increased abundance of these two proteins on the membrane 
of liquid and frozen stored spermatozoa could result from one or a combination of the 
following scenarios.  First, in preserved spermatozoa, an increase in the percentage of cells 
with damaged acrosomes and reduced viability (due to the cryopreservation process) 
generates an increase in the amount of acrosomal contents released, which residually binds to 
the remaining sperm membrane.  Secondly, the biochemical and molecular modifications 
which occur to the sperm membrane as a result of cryo-capacitation result in the increased 
vulnerability of the acrosome and extraction of contents.  In a previous study in the bull, the 
acrosin activity of spermatozoa which had undergone capacitation in vitro increased 2.25 
times compared to ejaculated spermatozoa (Puigmulé et al. 2011).  Regardless of the 
causative factors which contributed to the increased detection of these proteins, their presence 
could indicate impaired function post thaw. 
 
The proteins vitellogenin and apolipoprotein B were more abundant on the membrane of 
cryopreserved spermatozoa compared to epididymal or ejaculated spermatozoa.  This is likely 
a result of the dilution of samples with cryoprotectant which contained egg yolk.  In the 
current study, the peptide sequence for these proteins detected in ram spermatozoa were 
matched to gallus gallus peptides and therefore can be assumed to come from the hen egg 
yolk.  These results agree with previous studies which have identified these proteins in the 
egg yolk proteome (Mann and Mann 2008).  Egg yolk is a critical cryoprotectant commonly 
used in semen preservation, contributing around 15% to ram freezing diluents (Evans and 
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Maxwell 1987).  It is known to be made up of predominantly low-density lipoproteins (LDL; 
68%) (McCully et al. 1962), which are expected to be the major component responsible for 
its cryoprotective effect (Pace and Graham 1974; Watson and Martin 1975).  Apolipoprotein 
B has actually been hypothesised to facilitate LDL binding (Jolivet et al. 2006) and enhance 
its cryoprotective properties.  In the honey bee, vitellogenin has been described as an 
antioxidant, protecting cells from reactive oxygen species and oxidative stress (Seehuus et al. 
2006) while also binding to dead and damaged cells (Havukainen et al. 2013).  Given their 
close association with the sperm membrane, further studies on the interaction of 
apolipoprotein B, vitellogenin and other LDLs with the ram glycoproteome could examine 
whether LDLs influence any other areas of sperm function in sheep, like mucus penetration 
or whether they serve solely as a cryoprotectant.  To date, attempts to synthetically mimic the 
protective effect of egg yolk have been equivocal.  Therefore, identifying the individual 
components which bind to the sperm membrane during cryopreservation (as reported herein), 
may help in this regard. 
 
Unfortunately, none of the glycoproteins identified in the current study were found to 
increase in abundance in ejaculated spermatozoa.  Perhaps seminal plasma proteins were only 
loosely associated with the sperm membrane and were inadvertently removed during 
washing.  On the other hand, it is well established that fibronectin type-II proteins (Fn-2), 
often referred to as binder of sperm proteins (BSP) and one of the major seminal plasma 
protein families, bind closely with the sperm membrane.  Their apparent absence on the 
membrane of ejaculated spermatozoa shows a possible limitation of the glycoprotein 
enrichment technique used in the current study.  It is therefore imperative that future studies 
make further attempts to isolate specific seminal plasma proteins which bind to the sperm 
membrane during ejaculation.  Trialling more sensitive enrichment techniques, widening the 
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search to include both N and O-linked glycoproteins and using 2DLC-MS/MS coupled with 
isobaric tags to enable absolute quantification (iTRAQ) could help increase protein detection 
in future studies.  Other limitations associated with the current study include the use of 
different males and breeds per repetition.  Ideally, the same ram would have been used across 
all four sperm treatments, but this was not possible in the current study.  Several studies have 
reported an effect of male (Cardozo et al. 2006) and breed (Smith et al. 1999; Gundogan 
2006; Domínguez et al. 2008; Aller et al. 2012) on seminal plasma composition, therefore 
this additional variable could have confounded results, potentially adding proteins to 
treatments not previously detected in other repetitions. 
 
In conclusion, it is clear that the protein composition of the glycoproteome of ram 
spermatozoa changes during semen preservation.  A large proportion of the proteins seem to 
be related to membrane integrity, metabolism and cellular development.  With the exception 
of VTG2 and ApoB, which bind to the sperm membrane from egg yolk, the majority of 
proteins identified to be more abundant in liquid and frozen-thawed spermatozoa appeared to 
be the result of cryo-capacitation or cellular degeneration, rather than specific proteins which 
come from seminal plasma and protect spermatozoa.  Regardless, differences in the 
glycoproteome of epididymal or ejaculated spermatozoa and preserved spermatozoa could 
indicate changes to the membrane as a result of cryopreservation and ultimately contribute to 
reduced fertility post-thaw.  The continued development of this glycoprotein enrichment 
technique to investigate the changes that occur to the glycoproteome of ram spermatozoa 
could help reveal important information regarding the specific binding affinities of seminal 
plasma proteins during ejaculation.  Future research could focus on the effect of these 
individual proteins on the function of the sperm membrane, how they are modified during in 
vitro processing and their subsequent influence on sperm function and fertility. 
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Chapter 4. Seminal plasma aids the survival and 
cervical transit of epididymal ram spermatozoa 
 
The experiments described herein have been published as: Rickard, J.P., Pini, T., 
Soleilhavoup, C., Cognie, J., Bathgate, R., Lynch, G.W., Evans, G., Maxwell, W.M.C., 
Druart, X., de Graaf, S.P. (2014) Seminal plasma aids the survival and cervical transit of 
epididymal ram spermatozoa.  Reproduction, in press. doi:http://dx.doi.org/10.1530/REP-14-
0285  
 
4.1. ABSTRACT 
 
Seminal plasma purportedly plays a critical role in reproduction, but epididymal spermatozoa 
are capable of fertilisation following deposition in the uterus, calling into question the 
biological requirement of this substance.  Through a combination of direct observation of 
spermatozoa in utero using probe-based Confocal Laser Endomicroscopy, in vivo assessment 
of sperm fertility and in vitro analysis of various sperm functional parameters, the present 
study investigated the role of seminal plasma in spermatozoa transit through the cervix of the 
ewe.  Following deposition in the cervical os, epididymal spermatozoa previously exposed to 
seminal plasma displayed an enhanced ability to traverse the cervix as evidenced by both 
significantly higher pregnancy rates and numbers of spermatozoa observed at the utero-tubal 
junction when compared to epididymal spermatozoa not previously exposed to seminal 
plasma.  The beneficial effect of seminal plasma on sperm transport was clearly localised to 
transit through the cervix as pregnancy rates of spermatozoa deposited directly into the uterus 
were unaffected by exposure to seminal plasma.  This phenomenon was not explained by 
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changes to sperm motion characteristics, as seminal plasma had no effect on the motility, 
kinematic parameters or mitochondrial membrane potential of spermatozoa.  Rather, in vitro 
testing revealed that seminal plasma improved the ability of epididymal spermatozoa to 
penetrate cervical mucus recovered from ewes in oestrus.  These results demonstrate that the 
survival and transport of ram spermatozoa through the cervix of the ewe is not linked to their 
motility or velocity but rather the presence of some cervical penetration trait conferred by 
exposure to seminal plasma. 
 
4.2. INTRODUCTION 
 
During ejaculation, spermatozoa from the tail of the epididymis mix with secretions of the 
major accessory sex glands and are deposited into the female tract together as semen (Mann 
1964).  These secretions (in addition to relatively minor contributions from the testes and 
epididymides) are referred to as seminal plasma and comprise a complex mixture of 
inorganic ions, citric acid, sugars, organic salts, prostaglandins and particularly proteins 
(Mann 1964).  Initially thought to act simply as a medium for efficient transfer of 
spermatozoa to the female, seminal plasma has since been implicated in a variety of 
functional roles important to successful reproduction (Leahy and Gadella 2011).  Sperm 
capacitation (Manjunath and Therien 2002; Maxwell et al. 2007), sperm storage in the female 
tract (Talevi and Gualtieri 2010) and conditioning of the female immune system (Robertson 
2005) are each influenced by seminal plasma, suggesting this substance (and the presence of 
the accessory sex glands) is necessary for normal sperm function and fertility.  However, 
other evidence suggests this is not necessarily the case.  Epididymal spermatozoa are fertile 
when used for ICSI (human: (Silber et al. 1995)), IVF (Songsasen and Leibo 1998; Stout et 
al. 2012) and even following intrauterine insemination (Fournier-Delpech et al. 1979; Hori et 
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al. 2005; Ehling et al. 2006; Monteiro et al. 2011).  Moreover, when inseminated in vivo, 
epididymal spermatozoa have usually achieved pregnancy rates similar to those of ejaculated 
spermatozoa (Fournier-Delpech et al. 1979; Ehling et al. 2006; Monteiro et al. 2011).  Such 
normal fertility of spermatozoa which have never come into contact with seminal plasma 
raises the question of whether exposure to seminal plasma from the accessory sex glands is a 
biological requirement vital for the in vivo function and fertility of spermatozoa or whether 
this substance is largely superfluous to reproductive success. 
 
Reports exist of a beneficial effect of seminal plasma on the ability of liquid stored (López-
Pérez and Pérez-Clariget 2012) and cryopreserved (Maxwell et al. 1999) ram spermatozoa to 
navigate the tortuous ovine cervix and improve pregnancy rates following intracervical 
artificial insemination.  Similarly, through the use of sperm penetration tests, seminal plasma 
and its individual proteins have been shown to enhance the ability of human (Overstreet et al. 
1980), ram (Maxwell et al. 1999), buffalo (Arangasamy et al. 2005) and macaque (Tollner et 
al. 2008) spermatozoa to migrate through cervical mucus.  While not definitive, these results 
suggest that seminal plasma may play a role in the migration of ram spermatozoa through the 
cervix. However, given no studies exist reporting the fertility of epididymal spermatozoa 
deposited before the highly selective barrier of the ewe’s cervix, this hypothesis remains 
untested.  As such, the aim of the current study was to examine the effect of seminal plasma 
on the transit of epididymal ram spermatozoa through the cervix and whether potential effects 
were mediated by alteration of objectively measurable sperm parameters. 
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4.3. MATERIALS AND METHODS 
 
4.3.1. Experimental Design 
Procedures herein were approved by the University of Sydney’s Animal Ethics Committee.  
Unless otherwise stated all chemicals were supplied by Sigma-Aldrich (St Louis, MO, USA).  
Three experiments were conducted to investigate the role of seminal plasma in the transit of 
spermatozoa through the cervix of the ewe.  In the first experiment, ejaculated spermatozoa 
collected via artificial vagina and epididymal spermatozoa harvested from the same ram, 
were deposited directly into the cervical os following fluorescent staining.  Probe-based 
Confocal Laser Endomicroscopy (pCLE) was used to count in utero the number of 
spermatozoa within the genital tract at the utero-tubal junction over a 2 min period.  In the 
second experiment, epididymal spermatozoa harvested from the testes of culled rams, 
epididymal spermatozoa exposed to seminal plasma and ejaculated spermatozoa were 
deposited directly into the cervical os or directly into the uterine horns of ewes via 
laparoscopy.  Cervical transit ability of each treatment was assessed by successful 
fertilisation as measured by presence of a fetus at ultrasound on Day 60 after insemination 
and wet/dry assessment two weeks after lambing.  In the final experiment in vitro function of 
epididymal spermatozoa, epididymal spermatozoa exposed to seminal plasma and ejaculated 
spermatozoa were compared.  Spermatozoa were assessed for motility, capacitation status, 
mitochondrial membrane potential and their ability to penetrate cervical mucus immediately 
after collection and over a 6 hour incubation period.   
 
4.3.2. Animals 
Rams (3 yrs old; body condition score 3-4 on a scale of 1-5) were kept on a chaff-based diet 
(oaten:lucerne chaff, 1:1) supplemented with lupin grain in an animal house either at the 
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Faculty of Veterinary Science, University of Sydney, Camperdown, NSW, Australia (N=3; in 
vitro assessment) or at the Department of Physiology of Reproduction and Behavior, National 
Institute of Agronomic Research (INRA) Nouzilly, France (N=3; in utero assessment).  Rams 
(N=3; mature; body condition score 3-4) and androgenised wethers (N=12; <1yr old; body 
condition score 3-4) used during the in vivo fertility trial were kept on a pasture-based diet at 
“Arthursleigh” (Marulan, NSW, Australia).  The in vivo fertility trial was conducted during 
the breeding season (April, 2013) at “Arthursleigh” (Marulan, NSW, Australia).  Mature 
Merino ewes (N=303; 2-4 yrs old; body condition score 2-3) used for insemination were kept 
on a pasture-based diet supplemented with lupin grain, while mature Romanov ewes (N=19; 
2-4 yrs old body condition score 2-3) were kept on a chaff-based diet supplemented with 
lupin grain in an animal house at the Station of Physiology of Reproduction and Behavior, 
National Institute of Agronomic Research (INRA) Nouzilly, France. 
 
4.3.3. Collection and preparation of seminal plasma 
Seminal plasma was obtained from several ejaculates (collected during the breeding season in 
2013) from Merino rams (N=3).  Following collection (artificial vagina), ejaculates were 
immediately assessed for wave motion (scored on a scale of 0-5) and appearance (thick and 
creamy, milky or watery).  Ejaculates were only accepted for the experiment with a wave 
motion score of 3 or more, a thick and creamy appearance and if free of blood and urine 
contamination.  Semen was then centrifuged at 16000 × g (Model 1-14 Centrifuge; Sigma-
Aldrich), once for 30 min, the supernatant aspirated and spun for a further 30 min at 16000 
×g to remove any remaining spermatozoa and cell debris.  Seminal plasma samples were then 
separated into aliquots and stored at -80°C. Individual aliquots were thawed on ice and 
vortexed as needed. 
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4.3.4. Direct observation of spermatozoa in utero using probe-based Confocal Laser 
Endomicroscopy (pCLE)  
Ejaculated spermatozoa (EJAC) were collected from Romanov rams (N=3 rams x 1 
ejaculate) using an artificial vagina in the presence of a teaser ewe.  Ejaculates were 
immediately assessed for wave motion (data not shown) and pooled.  Epididymal 
spermatozoa (EP) were obtained from the testes of Romanov rams (N=3; the same rams from 
which ejaculated samples had previously been collected) at slaughter via microperfusion 
(Dacheux 1980) using a warmed (37°C) phosphate buffered saline solution.  Both ejaculated 
and epididymal samples were immediately assessed for wave motion and concentration 
determined using a spectrophotometer (Evans and Maxwell 1987).  Samples were then 
slowly diluted to 3×109 spermatozoa/mL with a skim-milk powder extender (10%; w/v; 
Régilait; Brest Cedex, France). 
 
Samples were then supplemented with Octadecyl rhodamine B chloride (R18, O 246; final 
concentration 300µM; Molecular Probes, Eugene, USA) and Mito-Tracker Green FM (M-
7514; final concentration 20µM; Molecular Probes, Eugene, USA) and incubated at 37°C for 
5 min.  The use of R18 and Mitotracker Green FM for pCLE cell imaging was validated by 
Druart et al. 2009, using flow cytometry. 
 
Prior to cervical insemination, the motility of both EJAC and EP samples was assessed using 
computer-assisted sperm analysis (CASA; Hamilton-Thorne, Beverly, MA, USA) to ensure 
all treatments had similar motility and velocity.   
 
Mature Romanov ewes were synchronised for oestrus using a combination of progestagen-
impregnated intravaginal sponges (20 mg fluorogestone acetate; Centravet, France) for 12 
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Days, followed by 200 IU of intramuscular PMSG (pregnant mare serum gonadotrophin; 
Centravet, France).  Cervical insemination was performed as per industry standards (Colas 
1984) on 19 ewes (n=11 EJAC; n=8 EP) 55 hours after sponge removal with an insemination 
dose of 750×106 total spermatozoa (250 µl sample loaded into 0.25 mL straws; IMV 
technologies, L’Aigle, France). 
 
Observation of spermatozoa in utero was conducted by pCLE (Cellvizio® DualBand; Mauna 
Kea Technologies, Paris, France; www.cellviziodualband.com) 7-9 hours post cervical 
insemination.  The Cellvizio® DualBand system comprises a dual band laser-scanning unit 
(λ=500-630 nm) which sequentially scans each optic fibre within the miniaturised fibre-based 
optical microprobe (for this study an S1500 with 1.5 mm diameter, 3.3 um lateral resolution 
and 500 x 600 µm field of view) constructing a real time (12 frames/second) image (Figure 
1a).  Operation of the Cellvizio® DualBand to visualise spermatozoa in situ was conducted as 
previously described by Druart et al. (2009) with some minor modifications.  Briefly, ewes 
were placed under general anaesthesia and their genital tract, including uterine horns, 
oviducts and ovaries were exteriorised post laparotomy.  The pCLE microprobe was inserted 
into the tip of the uterine horn following electrocautery of the uterine wall (Figure 1b 
illustrates probe insertion and placement).  Image acquisition was standardised and video 
sequences of 2 min in length were recorded in both the left and right horns of each ewe.  
Quantification of spermatozoa at each utero-tubal junction was performed by manual 
counting using the software provided with the imagery system (Druart et al. 2009a).  Figure 
1c displays an image of ram spermatozoa visualised at the utero-tubal junction of a ewe’s 
genital tract using pCLE.  
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Figure 4.1: probe-based Confocal Laser Endomicroscopy (pCLE) for imaging of 
spermatozoa in utero.  Panel A: pCLE was conducted using a Cellvizio® DualBand system 
which sequentially scans each optic fibre using a dual axis scanning mechanism, illuminating 
each fibre within the optical microprobe one at a time. The signal detected by the microprobe 
is returned to a photodetector for analysis and image reconstruction. Panel B: site of 
microprobe insertion into the tip of the uterine horn for imaging of the UTJ (utero-tubal 
junction). lh=left uterine horn, rh=right uterine horn, o=ovary. Panel C: ram spermatozoa 
stained with R18 and Mitotracker Green observed using pCLE at the utero-tubal junction 7-9 
h following intracervical artificial insemination. 
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4.3.5. Assessment of in vivo sperm fertility following artificial insemination 
Ejaculated spermatozoa (EJAC) were collected from mature Merino rams (n=3 rams x 3 
ejaculates) using an artificial vagina, in the presence of a teaser ewe.  Ejaculates were 
immediately assessed for wave motion (data not shown) and slowly diluted 1:2 
(semen:diluent, v/v) with warmed (37°C) UHT milk.  Epididymal spermatozoa (EP) were 
obtained from the testes of Merino rams (n=3) at slaughter via microperfusion (Dacheux 
1980) using a warmed (37°C) tris-citrate-fructose solution (Evans and Maxwell 1987) and 
subsequently centrifuged (800 × g; 10 min) to concentrate the sample and remove any 
contaminants.  Sperm concentration was determined for all samples using a haemocytometer 
as described by Evans and Maxwell (1987).  Epididymal samples were then split with one 
half being undiluted epididymal spermatozoa (EP) and the remainder undergoing a 1:1 
dilution with seminal plasma previously collected from one of the same three rams that gave 
an ejaculated sample (EP+SP).  EJAC, EP and EP+SP samples were then further diluted to 
500×106 spermatozoa/mL with UHT milk and maintained at 30°C until cervical or 
laparoscopic intrauterine artificial insemination.  Samples destined for laparoscopic 
intrauterine AI were diluted 1:1 to 250×106 spermatozoa/mL with warmed (37°C) UHT milk 
immediately prior to insemination.  The motility of spermatozoa was subjectively assessed in 
all samples to ensure all treatments had similar sperm function characteristics prior to 
insemination (data not shown). 
 
Mature Merino ewes (N=303) were synchronised for oestrus using a combination of 
intravaginal progestagen-impregnanted sponges (30 mg Fluogestone Acetate; Bioniche 
Animal Health Australasia, Armidale, Australia) for 12 Days followed by an intramuscular 
injection of 400 IU PMSG (1 mL Pregnecol; Bioniche Animal Health Australasia) at sponge 
removal.  Androgenised wethers (400 mg administered at sponge insertion and a further 150 
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mg at sponge removal; 50 mg/mL Testosterone propionate; Jurox, Rutherford, NSW, 
Australia) were introduced to the ewes at sponge removal at a ratio of 1:30 to encourage the 
onset of oestrus and ovulation.  All ewes were fasted 24 hours prior to insemination and were 
left undisturbed for approximately 3 hours following insemination.   
 
Ewes were inseminated by either intracervical AI (N=164) 53 hours post sponge removal 
with 100×106 motile EP (n=46), EP+SP (n=41) or EJAC (n=77) spermatozoa/ewe 
(insemination volume of 0.2 mL) or laparoscopic intrauterine AI (N=139) 55 h post sponge 
removal with 25×106 motile EP (n=53), EP+SP (n=46) or EJAC (n=40) spermatozoa/ewe 
(insemination volume of 0.1 mL) using standard industry techniques (Evans and Maxwell 
1987).  Those ewes undergoing laparoscopic insemination were given pre-operative pain 
relief and sedation via an intramuscular injection of Ketamil (150 mg; Troy Ilium, 
Glendenning, Australia) and Acetylpromazine (ACP2; 2 mg; Delvet, Seven Hills, Australia), 
followed by a subcutaneous injection of local anaesthetic (2 mL of 2% Lignocaine; Mavlab, 
Logan City, Australia) to the site of abdominal puncture.   
 
Pregnancy status of inseminated ewes was determined on Day 60 after insemination using 
real time cutaneous ultrasound to detect the presence of foetuses.  Approximately two weeks 
following the start of lambing all ewes previously designated as pregnant by ultrasound were 
examined for evidence of parturition, mammary gland development and presence of suckling 
to determine the number of ewes which either gave birth or experienced foetal loss (Evans 
and Maxwell 1987). 
4.3.6. In vitro assessment of sperm function 
Ejaculated spermatozoa (EJAC) were collected from mature Merino rams (n=3 rams x 6 
ejaculates) using an artificial vagina, in the presence of a teaser ewe.  Ejaculates were 
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immediately assessed for wave motion (data not shown) and slowly diluted 1:1 
(semen:diluent, v/v) with a tris-citrate-fructose diluent (Evans and Maxwell 1987).  Testes 
from mature Merino rams were obtained at slaughter from Southern Meats abattoir 
(Goulburn, NSW) and transported at 5°C to the University of Sydney (Camperdown, NSW) 
where they remained chilled at 5°C for 24 hour.  Epididymal spermatozoa (EP) were 
collected via microperfusion (Dacheux 1980) using a warmed (37°C) tris-citrate-fructose 
solution.  Sperm concentration was determined for all samples using a haemocytometer as 
described by Evans and Maxwell (1987).  Epididymal samples were then split with one half 
being undiluted epididymal spermatozoa (EP) and the remainder undergoing a 1:1 dilution 
with seminal plasma previously collected from the same ram who gave an ejaculated sample 
(EP+SP).  EJAC, EP and EP+SP samples were then further diluted to 50×106 
spermatozoa/mL with UHT milk and incubated in a 37°C water bath.  Aliquots were taken at 
0, 3 and 6 h post collection and diluted 1:1 (semen: diluent, v/v) with Androhep (AH; 
Minitube Australia, Smythes Creek, Australia) to 25×106 spermatozoa/mL for assessment.  
 
EJAC, EP and EP+SP were assessed for motility, mitochondrial membrane potential and 
ability to penetrate cervical mucus.  Motility was assessed using computer assisted sperm 
analysis (HT CASA IVOS II (Animal Breeder) V 1.4; Hamilton-Thorne). Semen samples 
(5.5 µL) were placed on pre-warmed slides (Cell Vu, Millenium Sciences Corp., NY, USA) 
and immediately transferred to the CASA. Motility and kinematic characteristics including 
progressive motility, average path velocity (VAP), straight line velocity (VSL), curvilinear 
velocity (VCL), amplitude of lateral head displacement (ALH), beat cross frequency (BCF), 
straightness (STR) and linearity (LIN) were determined by assessment of several microscopic 
fields (200-300 cells/sample) using factory CASA (ram) settings. 
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The mitochondrial membrane potential of spermatozoa were assessed by staining 
spermatozoa with the mitochondrial probe 5,5’, 6,6’-tetra-chloro-1, 1’, 3, 3’-
tetraethylbenzimidazolyl-carbocyanine iodide (JC-1; final concentration 4 ng/mL: Molecular 
Probes, USA).  Following an incubation of 10-15 min at 37°C, an aliquot (10µl) was loaded 
onto a clean, pre-warmed slide and viewed under an Olympus BHS fluorescent microscope 
(200 x magnification, 200 cells/sample) comprising a 520 – 550 nm band pass filter and a 
supplementary 515 nm exciter filter.  Emissions were observed through a 565 nm dichroic 
mirror with an additional 610 nm barrier filter (Garner and Thomas 1999).  The number of 
spermatozoa seen with fluorescent orange mid pieces (aggregates) were considered to have 
high membrane potential while spermatozoa exhibiting green fluorescence (monomers) were 
of low membrane potential. 
 
The ability of spermatozoa to migrate through cervical mucus in vitro, was assessed using a 
cervical migration test (Kremer 1965).  Briefly, cervical mucus was collected from 
synchronised Merino ewes in oestrus during the breeding season, centrifuged (1300 x g; 15 
min) to remove contaminants and stored at -80°C in 500µl aliquots.  Aliquots were thawed on 
ice as needed, slowly warmed to 37°C and loaded into glass capillary tubes (0.3 x 0.3 x 100 
mm; Microslides, Mountain Lakes, USA).  Spermatozoa were incubated with a DNA-specific 
stain for 10 min (final working concentration 40 µg/µl; IDENT; Hamilton-Thorne) at 37°C 
then transferred to a polyethylene capsule (BEEM; ProSciTech, Thuringawa, Australia).  The 
mucus-filled capillary tube was sealed at one end with CristaSeal (Hawksley, London, UK), 
immersed in the stained sperm sample and co-incubated for 1 h at 37°C.  Following 
incubation, the distance reached by the furthest spermatozoon (vanguard distance) was 
recorded under an Olympus BHS fluorescent microscope (400 x magnification) comprising a 
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270 – 380 nm band pass filter. Emissions were observed through a 380 nm dichroic mirror 
(Richardson et al. 2011). 
 
4.3.7. Statistical analysis 
Data recorded from all experiments were analysed using a restricted maximum likelihood 
model (REML) in Genstat (V 15, VSN International, Hemel Hempstead, UK). Data collected 
during observation of spermatozoa in utero had sperm treatment (EP or EJAC) and horn 
(ipsilateral or contralateral) specified as fixed effects and ewe number as the random effect.  
Data collected on the motility of treatments prior to insemination were assessed using a two-
tailed, paired t-Test.  Data collected during the in vivo assessment of sperm fertility had 
artificial insemination technique (cervical or intrauterine laparoscopic) and sperm treatment 
(EP, EP+SP and EJAC) specified as fixed effects, while day of insemination and sperm 
treatment (EP, EP+SP and EJAC) were specified as random effects.  Data collected during 
assessment of sperm function in vitro had ram, repetition and sperm treatment (EP, EP+SP 
and EJAC) as fixed effects, while the time of assessment (PF, 0, 3, 6 h) and sperm treatment 
(EP, EP+SP and EJAC) were specified as random effects.  Correlations were conducted in 
Genstat (V 15, VSN International, Hemel Hempstead, UK) between motility kinematic 
parameters and mucus penetration ability of each treatment over the 6 h incubation period. 
For all experiments, means were reported with ± standard error of the mean and P<0.05 was 
considered statistically significant.  Differences were determined by least significant 
differences. 
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4.4. RESULTS 
 
4.4.1. Direct observation of spermatozoa in utero using pCLE  
There was no significant difference between the progressive motility or velocity of EP and 
EJAC spermatozoa following fluorescent labelling or prior to insemination (P>0.05; Figure 
4.2).  Fluorescence microscopy in utero revealed significantly higher numbers of 
spermatozoa at the utero-tubal junction of ewes inseminated with EJAC spermatozoa when 
compared to those ewes inseminated with EP spermatozoa (P<0.05; Figure 4.2).  There was 
no significant difference between treatments in the number of spermatozoa seen at the ipsi-
lateral or contra-lateral utero-tubal junctions (P>0.05; data not shown). 
 
4.4.2. Assessment of in vivo sperm fertility following artificial insemination 
There was no difference in the pre-insemination motility of spermatozoa in each treatment 
group (data not shown).  In each treatment group, spermatozoa were inseminated with a 
motility score of 70-80%.  Pregnancy rates at Day 60 for each sperm and insemination 
treatment group combination are shown in Table 4.1.  There was no significant difference 
between treatment groups when spermatozoa were deposited directly into the uterus by 
laparoscopic AI (Table 4.1; P>0.05).  However, when spermatozoa were deposited in the 
cervical canal, pregnancy rates were significantly higher for treatment groups containing 
seminal plasma (EJAC and EP+SP) than for those that did not (EP; P<0.05).  
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Figure 4.2: Average progressive motility (a) and straight line velocity (b) of epididymal (EP; black columns) and ejaculated (EJAC; 
white columns) spermatozoa prior to intra-cervical insemination.   (c) Mean number of epididymal (EP; black column) and ejaculated 
(EJAC; white column) spermatozoa observed over a 2-min period at the utero-tubal junction of ewes 7-9 hours after intracervical 
insemination.  Spermatozoa were labelled with R18 and Mitotracker Green prior to insemination and visualised in situ using pCLE.  Columns 
without common superscripts differ significantly within each panel (P<0.05) 
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When treatments were compared between insemination methods, pregnancy rates were 
higher for EJAC inseminated laparoscopically compared to EJAC inseminated cervically 
(P<0.05).  Similarly, EP inseminated laparoscopically had a significantly higher pregnancy 
rate than EP inseminated cervically (P<0.05).  However, there was no significant difference 
in the pregnancy rate between ewes inseminated cervically or laparoscopically with EP+SP 
(P>0.05).  There was no significant difference between pregnancy rate and lambing rate for 
any treatment, with only a single ewe aborting her foetus during gestation (P>0.05; Table 1). 
 
Table 4.1: Pregnancy and lambing rates after intracervical or laparoscopic intrauterine 
artificial insemination of synchronised ewes with epididymal spermatozoa (EP), 
epididymal spermatozoa exposed to seminal plasma (EP+SP) or ejaculated spermatozoa 
(EJAC). 
Cervical AI Laparoscopic Intrauterine AI 
Trt Ewes 
Inseminated 
Ewes Pregnant 
at Day 60 (%)* 
Lambed 
(%)** 
Ewes 
Inseminated 
Ewes Pregnant 
at Day 60 (%)* 
Lambed 
(%)** 
EP 41 3 (7.3) a 3 (7.3) a 46 23 (50.0) c 22 (47.8) c 
EP+SP 46 17 (37.0) bc 17 (37.0) bc 53 31 (58.5) c 31 (58.5) c 
EJAC 77 16 (20.8) b 16 (20.8) b 40 17 (42.5) bc 17 (42.5) bc 
* Pregnancy was determined by real-time cutaneous ultrasound 
** Lambing data was collected approximately two weeks after lambing commenced and 
determined by examination of ewes for signs of parturition and lactation (Evans and Maxwell 
1987). 
Within column, values without common superscripts differ significantly (P<0.05).  
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4.4.3. Assessment of in vitro sperm function 
4.4.3.1. Motility characteristics 
As expected, total motility decreased over time (P<0.001), but there were no significant 
differences in total motility between treatment groups (P>0.05; Figure 4.3a).  When 
spermatozoa from each treatment group was incubated at 37°C over 6 hours, EJAC had 
significantly higher progressive motility (Figure 4.3b), VAP (Figure 4.3c), VSL (Figure 
4.3d), BCF (Figure 4.3e), STR (Figure 4.3f) and LIN (Figure 4.3f) than EP or EP+SP and this 
was maintained over the entire incubation period (0-6 hours; P<0.05).  There was no 
significant difference between EP and EP+SP for the above- mentioned kinematic parameters 
(P>0.05).  At 0 hours only, EJAC had significantly higher VCL (P<0.05; Figure 4.3d) than 
EP and EP+SP and surprisingly, at 6 hours, EP had significantly higher VCL than EP+SP and 
EJAC (P<0.05; Figure 4.3d).  There was no significant difference in VCL between 
treatments at 3 hours (P>0.05).  Similarly, there was no significant difference in ALH 
between treatments over the incubation period (P>0.05; data not shown). 
 
4.4.3.2. Mitochondrial Membrane Potential 
Sperm type did not affect the percentage of spermatozoa with high mitochondrial membrane 
potential at any measured time point over 6 h of incubation at 37ºC (P>0.05; data not 
shown).  
 
4.4.3.3. Cervical Migration Test 
The ability of spermatozoa to migrate through natural cervical mucus, as measured by the 
distance travelled by the vanguard spermatozoon, was affected by treatment only when 
spermatozoa had already been incubated at 37°C (P<0.05; Figure 4.4; data presented pooled 
over time points).  The vanguard spermatozoon travelled significantly further for EP+SP than 
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for the EP and EJAC treatments (P<0.05; Figure 4) the distance for the latter two treatments 
being similar (P>0.05). 
 
4.4.3.4. Correlation of mucus penetrating ability with motility kinematic 
parameters 
Very weak correlations were found between the kinematic parameters of the spermatozoa 
(progressive motility, VAP, VSL, VCL, ALH, BCF, LIN, STR) and the distance reached by 
the vanguard spermatozoon and all were found to be non-significant (P>0.05; Table 4.2). 
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Figure 4.3: Average motility percentage (a), progressive motility percentage (b), average 
path velocity (c), straight line velocity (solid line; d), curvilinear velocity (dotted line; d), 
BCF (e), LIN (solid line; f) and STR (dotted line; f) determined by CASA for 
epididymal spermatozoa (EP; −!−), epididymal spermatozoa exposed to seminal 
plasma (EP+SP; −!−) and ejaculated spermatozoa (EJAC; −▲−) at 0, 3 and 6 hours 
post incubation at 37°C.   Data are actual means ± S.E.M.  * Indicates treatments within 
each time point are significantly different (P<0.05).  
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Figure 4.4: Distance reached by vanguard spermatozoon of epididymal spermatozoa 
(EP; black column), epididymal spermatozoa exposed to seminal plasma (EP+SP; grey 
column) and ejaculated spermatozoa (EJAC; white column).  Data is pooled over 0, 3 and 
6 hours ± S.E.M.  Columns without common superscripts differ significantly (P<0.05). 
 
Table 4.2: Correlation coefficient between progressive motility, average path velocity 
(VAP), straight line velocity (VSL), curvilinear velocity (VCL), beat cross frequency 
(BCF), amplitude head displacement (ALH), linearity (LIN), straightness (STR) of 
spermatozoa and the distance travelled by the vanguard spermatozoon through 
oestrous cervical mucus. 
 
Kinematic Parameters 
Correlation co-efficient (r) 
 to vanguard distance 
Progressive Motility 0.03 (P=0.78) 
VAP 0.04 (P=0.73) 
VCL 0.10 (P=0.38) 
VSL 0.01 (P=0.93) 
ALH 0.18 (P=0.12) 
BCF  -0.22 (P=0.06) 
LIN  -0.04 (P=0.73) 
STR  -0.05 (P=0.68) 
a a 
b 
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4.5. DISCUSSION 
 
This study demonstrated that seminal plasma enhances the transit of ram spermatozoa 
through the cervix of the ewe.  The addition of seminal plasma to spermatozoa, either through 
manual supplementation or by natural exposure at ejaculation, significantly increased both 
the number of spermatozoa observed at the utero-tubal junction and pregnancy rate following 
insemination within the cervical os.  In contrast, exposure to seminal plasma had no effect on 
pregnancy rate when spermatozoa were deposited directly into the uterus. This demonstrated 
the effect of seminal plasma on sperm transport is localised to the site of the cervix.  Further 
analysis of the in vitro characteristics of spermatozoa exposed to seminal plasma showed that 
it enhances their ability to penetrate cervical mucus despite unchanged motility 
characteristics, suggesting that cervical transit in the female reproductive tract is not linked to 
the motility or velocity of spermatozoa but rather an unknown cervical penetration trait 
conferred by exposure to seminal plasma. 
 
To date, the only other studies which have specifically investigated the role of seminal 
plasma on the cervical transit of spermatozoa have been on frozen-thawed ejaculated ram 
spermatozoa, rather than those sourced from the epididymis.  Maxwell et al. (1999) 
demonstrated frozen-thawed ram spermatozoa were able to recover their ability to traverse 
the cervix and fertilise ewes at a synchronised oestrus, when supplemented with seminal 
plasma after thawing.  This result has been inconsistently achieved in similar experiments 
(Leahy et al. 2010a), leading some authors to suggest that variation in the composition of 
seminal plasma may be responsible for the differences observed between each study (Rickard 
et al., in press).  While the result of Maxwell et al. (1999) was achieved with a markedly 
different sperm type to that used in the present study (namely, a heavily processed cell that 
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had previously been exposed to seminal plasma), it still supports the findings presented here 
that seminal plasma can dramatically alter the ability of spermatozoa to traverse the ewe’s 
cervix.  In terms of epididymal spermatozoa, it is remarkable that their ability to transit the 
cervix has not previously been described in sheep and relatively little is known in other 
species.  Nonetheless, what little information is available supports the findings of the present 
study that transit of epididymal spermatozoa through the cervix is in some way compromised 
compared with ejaculated spermatozoa.  For example, in the dog, poor pregnancy rates were 
achieved following intra-vaginal inseminations with epididymal spermatozoa (Thomassen 
and Farstad 2009).  It would be interesting to duplicate the present experiment in other 
vaginal depositors, such as the cow, to determine whether the effect of seminal plasma on 
cervical transit is consistent across species with similar mating strategies.   
 
The fertility of epididymal spermatozoa deposited directly into the uterus is much better 
described.  Results in the current study are similar to those achieved by Fournier-Delpech et 
al. (1979) who found no significant difference between pregnancy rates of ejaculated and 
epididymal ram spermatozoa following laparoscopic intrauterine insemination.  Similarly, 
Ehling et al. (2006) and Álvarez et al. (2012) achieved pregnancy rates as high as 87% and 
55.8% respectively, when frozen-thawed epididymal ram spermatozoa was inseminated by 
intrauterine laparoscopic AI.   
 
One limitation of the present study was the use of epididymal and ejaculated spermatozoa 
from different rams as part of the in vivo fertility and in vitro experiments.  Ideally, as 
occurred in the in utero imaging trial, epididymal and ejaculated spermatozoa would have 
been obtained from the same ram to eliminate any inter-male variation affecting the results of 
the trial.  Unfortunately, this was not possible for logistical reasons.  However, inter-male 
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variation was accounted for through supplementation of epididymal spermatozoa with 
seminal plasma (the EP+SP treatment) in lieu of the ‘seminal plasma treatment’ consisting 
simply of ejaculated spermatozoa from a different ram.  Additionally, the seminal plasma 
used for the supplementation of epididymal spermatozoa was obtained from the same rams as 
those used for the ejaculated sperm treatments.  Nonetheless, variation between the males 
used for the ejaculated and epididymal sperm treatments could explain the differences in 
fertility observed between the two types of spermatozoa when those from the epididymis 
were exposed to seminal plasma.  Though not statistically significant, the pregnancy rates 
obtained for ejaculated spermatozoa were lower than that of the comparable epididymal + 
seminal plasma treatment and certainly lower than those reported for commercial AI 
programs (Evans and Maxwell 1987); though similar to pregnancy rates achieved in previous 
trials on the same property (Hollinshead et al. 2003; Hollinshead et al. 2004; El-Hajj Ghaoui 
et al. 2007b; Beilby et al. 2009).  While identical numbers of motile spermatozoa were 
inseminated for each of these treatment groups it is possible that some unknown male effect 
may have been at play.  However, this is of little ultimate consequence given the fact that 
testing of the primary hypothesis in both the in vitro and in vivo experiments was fulfilled by 
comparison between epididymal spermatozoa with and without exposure to seminal plasma 
i.e. without the influence of inter-male variation between treatments that were or were not 
exposed to seminal plasma.   
 
In the current study, the presence or absence of seminal plasma had no effect on the motility 
of epididymal spermatozoa immediately after collection or when maintained at 37°C for up to 
6 hours.  These results agree with those of Graham (1994) who only saw a beneficial effect of 
ram seminal plasma on the motility of epididymal spermatozoa post thaw.  Numerous studies 
have documented the protective effect of seminal plasma during cryopreservation, 
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particularly in the ram and bull (Leahy and de Graaf 2012).  However, the non-significant 
effect of seminal plasma on epididymal sperm motility seen in the current study suggests that 
seminal plasma acts to ameliorate handling-induced stressors caused during freezing rather 
than stimulate or enhance sperm function (at least under more ‘natural’ conditions) through 
some form of physiological mechanism.  In contrast, the results from the current study and 
that of Graham (1994) differ from Dott et al. (1979) who showed supplementation of 
epididymal ram spermatozoa with seminal plasma had first a stimulatory then a detrimental 
effect on motility following incubation for 22 hours at 30°C (Dott et al. 1979).  These 
differing results could be attributed to variation in the presence or absence of critical 
components within seminal plasma and highlights the potential negative effect of prolonged 
exposure to seminal plasma on sperm function in vitro.   
 
Overall, the ability of epididymal spermatozoa to penetrate cervical mucus was significantly 
improved with exposure to seminal plasma, despite having relatively similar motility and 
velocity characteristics.  Maxwell et al. (1999) also showed that cryopreserved ejaculated ram 
spermatozoa thawed and resuspended in the presence of 30% (v/v) seminal plasma travelled 
significantly further in natural ovine mucus obtained from ewes in oestrus, than frozen 
thawed spermatozoa without seminal plasma.  The lack of a significant correlation between 
the ability of epididymal spermatozoa to penetrate cervical mucus and its kinematic motility 
parameters suggest that in the current study, the mucus penetrating ability of spermatozoa 
was not influenced by its motility or velocity but rather some unknown means conferred by 
exposure to seminal plasma.  This contradicts published reports in the ram (Suttiyotin et al. 
1992; Suttiyotin et al. 1995; Robayo et al. 2008) and human (Keel and Webster 1988) who 
linked increased mucus penetration with increased velocity and motility.  However, in the 
latter study, 10-15% of patients with otherwise normal semen parameters demonstrated poor 
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mucus penetration ability suggesting mucus penetration tests provide information about 
sperm function not attainable by motility analysis alone (Keel and Webster 1988).  The fact 
that artificial mucus was used in several of the above mentioned papers instead of natural 
mucus (as was used in the current study) could also explain some of the discrepancies 
between trials.   
 
The present study has shown that seminal plasma enhances the ability of spermatozoa to 
penetrate cervical mucus in vitro and traverse the cervix in vivo. In the current study this was 
not attributed to changes in the motility or velocity of epididymal spermatozoa. The means by 
which seminal plasma confers this effect is yet to be established in sheep, but results from 
other species have demonstrated individual seminal plasma proteins increase sperm 
penetration of cervical mucus [heparin and gelatin binding proteins in buffalos (Arangasamy 
et al. 2005) and glycoprotein β defensin 126 in macaques (Tollner et al. 2008)] possibly 
through modification of the negative net charge of the sperm membrane (Tollner et al. 2008).  
It should also be noted that the proteomic and hormonal components within seminal plasma 
could enhance mucus penetration indirectly, through increasing the contractility of the cervix.   
Clearly, considerable further research is required to investigate individual proteins within ram 
seminal plasma that may promote mucus penetration, not to mention the nature of the sperm-
mucus interaction itself.   
 
In conclusion, the current study strongly suggests that seminal plasma plays a vital role in the 
normal survival and transit of spermatozoa through the cervix of the ewe.  Despite having 
similar motility characteristics, epididymal spermatozoa not exposed to seminal plasma 
reached the utero-tubal junction in fewer numbers, displayed a reduced ability to penetrate 
cervical mucus and resulted in lower pregnancy rates (when forced to navigate the cervix 
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following intracervical AI) compared to ejaculated spermatozoa or epididymal spermatozoa 
supplemented with seminal plasma.  From these results it is clear that seminal plasma did not 
confer this ability through alteration of sperm motility or velocity but rather by facilitating 
increased cervical mucus penetration of spermatozoa through some unknown means.  Further 
research is warranted to identify the components within seminal plasma, which are 
responsible for assisting the transit of spermatozoa through the cervix and the mechanisms by 
which they act. 
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Chapter 5. Variation in seminal plasma alters the 
ability of ram spermatozoa to survive 
cryopreservation 
 
The experiments described herein have been published as: Rickard, J.P., Schmidt, R.E., 
Maddison, J.W., Bathgate, R., Lynch, G.W., Druart, X., de Graaf, S.P. (2014) Variation in 
seminal plasma alters the ability of ram spermatozoa to survive cryopreservation.  
Reproduction, Fertility and Development, in press. doi: http://dx.doi.org/10.1071/RD14123   
 
5.1. ABSTRACT 
 
Variation in the effect of seminal plasma on sperm function and fertility has been 
hypothesised to be due to differences between males and their seminal plasma composition.  
The freezing resilience of individual rams (n=17) was investigated to characterise inter-male 
variation. This was determined by measuring the degree of change in motility induced by 
cryopreservation (Experiment 1).  Experiment 2 examined the effect of pooled seminal 
plasma from rams identified as having high or low resilience to freezing on the cryosurvival 
of washed spermatozoa from either high (n=3) or low (n=3) sperm freezing resilience rams.  
Immediately after thawing and throughout the incubation period (0-4h), spermatozoa from 
high resilience rams frozen with high resilience seminal plasma demonstrated superior 
motility to spermatozoa from high resilience rams frozen with low resilience seminal plasma 
(P<0.001).  Similarly, spermatozoa from low resilience rams frozen with high resilience 
seminal plasma exhibited higher motility compared to spermatozoa from low resilience rams 
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frozen with low resilience seminal plasma immediately after thawing (0h; P<0.001).  The 
current study has shown that variation in freezing resilience of ram spermatozoa is related to 
the source and composition of seminal plasma. 
 
5.2. INTRODUCTION 
 
Seminal plasma is a complex medium secreted primarily from the accessory sex glands, 
which include the prostate, ampulla, bulbourethral glands and seminal vesicles.  When mixed 
with spermatozoa at ejaculation, seminal plasma is thought to act as an important energy 
source and transport medium for spermatozoa in both the male and female tracts (Mann 
1964).  It is also thought to be involved in sperm movement (Maxwell et al. 2007) regulation 
of capacitation (Manjunath et al. 2007; Leahy and Gadella 2011) sperm storage in the female 
tract (Talevi and Gualtieri 2010) and the identification and acceptance of spermatozoa by the 
female immune system (Robertson 2007), all of which are essential for fertilisation.   
 
Nonetheless, recent literature has also portrayed a contradictory view of the effect of seminal 
plasma on sperm function.  It has been shown to support and stabilise the sperm membrane 
during ejaculation by some authors (bull, boar and stallion; (Manjunath and Sairam 1987; 
Swamy 2004; Töpfer-Petersen et al. 2005; Troedsson et al. 2005)), while in other studies 
exposure to seminal plasma has resulted in decreased sperm hypotonic resistance and 
membrane fluidity (boar; (Druart et al. 2009b)).  Similarly, seminal plasma has been 
described as a stimulant to capacitation (bull; (Manjunath et al. 2007)) while also reported to 
contain several decapacitation factors, which prevent capacitation from occurring until 
required (boar and ram; (Pérez-Pé et al. 2002; Barrios et al. 2005)).  These inconsistencies 
could be attributed to differences among species, where variation in accessory sex gland 
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anatomy leads to differences in seminal plasma composition and volume, a likely scenario 
given the recent reports of significant variation in protein composition between the species 
(Druart et al. 2013).  However, species differences are not the only source of variation 
observed in the effect of seminal plasma on spermatozoa.  Significant evidence also exists of 
varied effects within species.  For example, in sheep the addition of seminal plasma both 
prior to and post sperm cryopreservation has been reported to improve (Maxwell et al. 2007; 
Muiño-Blanco et al. 2008; Bernardini et al. 2011) and decrease (de Graaf et al. 2007a) the 
cryosurvival of ram spermatozoa.  Similarly, seminal plasma has been shown to increase 
(Maxwell et al. 1999), have no effect (O'Meara et al. 2007) or inconsistently (Leahy et al. 
2010a) affect pregnancy rates of frozen thawed ram spermatozoa following cervical 
insemination. 
 
It has been hypothesised that these inconsistent or even contradictory effects may be 
attributed to variation in the composition of seminal plasma between studies (Hernández et 
al. 2007; Leahy and de Graaf 2012).  Collection of seminal plasma from rams of different 
breed, age, nutritional or some other status may alter the levels of positive or negative factors 
in the seminal plasma used in each study, imparting a variable effect on sperm function.  This 
hypothesis is supported by studies in the stallion (Aurich et al. 1996) and boar (Hernández et 
al. 2007), which demonstrated that the effect of seminal plasma supplementation during 
sperm cryopreservation is dependent on the male from which it is obtained, but the possibility 
of inter-male variation has yet to be tested in the ram.  Positive confirmation of this theory 
would pave the way for identification of seminal plasma components of benefit to semen 
freezing, sperm-sorting and artificial insemination.   
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As such, the aim of the current study was to (1) characterise inter-male variation in the 
resilience of ram spermatozoa to cryopreservation and (2) determine whether this difference 
in freezing resilience between rams can be attributed to variation in seminal plasma.  
 
5.3. MATERIALS AND METHODS 
 
5.3.1. Experimental design 
Procedures herein were approved by the University of Sydney’s Animal Ethics Committee.  
Unless otherwise stated all chemicals were supplied by Sigma Aldrich, St Louis, MO, USA.   
Two experiments were conducted to characterise inter-male variation in freezing resilience 
and to determine whether this variation could be attributed to variation in seminal plasma.  In 
Experiment 1, spermatozoa from 17 rams of mixed breeds (Merino, Poll Dorset, Finn X and 
Coopworth) were assessed pre-freeze and post-thaw to identify rams with consistently high 
(n=3 rams) or low (n=3 rams) resilience to freezing.  In Experiment 2, spermatozoa from 
rams shown to have high resilience to freezing in Experiment 1 were frozen with either 
seminal plasma from rams with low resilience to freezing (LSP) or seminal plasma from rams 
with high resilience to freezing (HSP).  Similarly, spermatozoa from rams shown to have low 
resilience to freezing in Experiment 1 were frozen with either seminal plasma from rams with 
high resilience to freezing (HSP) or seminal plasma from rams with low resilience to freezing 
(LSP).  Motility, acrosome integrity and membrane viability was examined over a 4 hour 
incubation period post-thaw.   
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5.3.2. Experiment 1: The identification of rams with high or low freezing resilience 
5.3.2.1. Semen collection  
Ejaculates (n = 6/ram) were collected by artificial vagina from rams (n = 17), housed at the 
University of Sydney, Camden Campus, during May – June 2012. Ejaculates were 
immediately assessed for wave motion (scored on a scale of 0-5), appearance (thick and 
creamy, milky or watery) and volume.  Ejaculates were only accepted for the experiment with 
a wave motion score of 3 or more, a thick and creamy appearance and if free of blood and 
urine contamination. 
 
5.3.2.2. Cryopreservation of spermatozoa 
Ejaculates were slowly diluted 1:4 (semen:diluent, v/v) with a tris-citrate-glucose 
cryoprotective diluent containing 15% egg yolk and 5% glycerol (v/v) (Evans and Maxwell 
1987). Concentration counts were performed on each sample using a haemocytometer 
(Neubauer Improved, Precicolor HBG, Giessen-Lützellinden, Germany) before further 
extension to a concentration of 200 x 106 spermatozoa/mL. Samples were then chilled to 5°C 
over 2h whereby they underwent pre freeze assessment (motility, membrane status and 
acrosome integrity) and then frozen via the straw method (Evans and Maxwell 1987).  
Briefly, 200 µL of sample was loaded into pre-chilled 0.25 mL straws (IMV, L’Aigle Cedex, 
France) and sealed with polyvinyl chloride (PVC) powder. Straws were randomly loaded 
onto a pre-cooled freezing rack before exposure to liquid nitrogen vapour 6cm above the 
liquid nitrogen surface for 6 min.  All straws were then submerged in liquid nitrogen and 
stored until assessment.   
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5.3.2.3. Thawing and evaluation of spermatozoa 
Straws were thawed in a 37 °C water bath for 30 s with agitation.  All samples were 
immediately diluted 1:1 with Androhep, adjusted to pH 7.3  (AH; Minitube Australia, 
Smythes Creek, VIC, Australia).  Samples were incubated at 37 °C and aliquots taken at 0, 2 
and 4 hours post thaw for evaluation. 
 
5.3.2.4. Motility 
At each timepoint, samples were diluted to 20 × 106 spermatozoa/mL and assessed for 
motility using computer assisted sperm analysis (CASA; HTM-IVOS v. 12; Hamilton-
Thorne, Beverly, MA, USA). Semen samples (5.5 µL) were placed on slides pre-warmed to 
37 °C (Cell Vu, Millenium Sciences Corporation, Mulgrave, VIC, AUS) and enclosed using a 
22 mm x 22 mm coverslip before immediate transfer to the CASA. Motility and kinematic 
characteristics (total motility, progressive motility, average path velocity, straight line 
velocity, curvilinear velocity, amplitude of lateral head displacement, beat cross frequency, 
straightness and linearity) were determined by assessment of several microscopic fields (200-
300 cells/sample) using factory CASA (ram) settings.  
 
5.3.3. Experiment 2: The effect of seminal plasma from rams with high or low 
resilience to freezing on the cryosurvival of spermatozoa 
5.3.3.1. Seminal plasma collection 
Ejaculates (n=3/ram) were collected by artificial vagina from rams (Mar-June 2012, The 
University of Sydney, Camden campus) identified in experiment 1 to have high (n=3) or low 
(n=3) resilience to freezing.  Ejaculates were centrifuged at 16000 × g (Model 1-14 
Centrifuge; Sigma-Aldrich) for 30 min at room temperature, the supernatant aspirated and 
subjected to further centrifugation (16000 × g, 30 min; 25°C) to remove any remaining sperm 
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and cell debris.  Seminal plasma from rams identified as having spermatozoa with high (HSP) 
or low (LSP) resilience to freezing were pooled within resilience group in equal proportions 
(vol:vol) and stored at -80 °C until use.  Pooled seminal plasma samples were thawed on ice 
and vortexed, prior to use. 
 
5.3.3.2. Semen collection and washing of spermatozoa 
Ejaculates (n = 3/ram) were collected by artificial vagina from rams (Sept 2012, The 
University of Sydney, Camperdown campus) identified in Experiment 1 to have high (n=3) 
or low (n=3) resilience to freezing.  Ejaculates were immediately assessed for wave motion 
(scored on a scale of 0-5), appearance (thick and creamy, milky or watery), and volume (mL).  
Ejaculates were only used for the experiment with a wave motion score of 3 or more, a thick 
and creamy appearance and if free of blood and urine contamination.  Ejaculates were slowly 
diluted 1:1 (semen:diluent, v/v) with a tris-citrate-fructose diluent (Evans and Maxwell 1987) 
supplemented with 0.3% bovine serum albumin (BSA; Sigma-Aldrich, Sydney, Australia). 
Two 500 µL aliquots were gently washed in 10 mL of tris-citrate-fructose via centrifugation 
(200 × g, 27 °C, 10min). The supernatant containing seminal plasma, diluent and other 
contaminants was removed and the washed sperm pellets pooled.  
 
5.3.3.3. Dilution and cryopreservation of spermatozoa with HSP and LSP 
Washed spermatozoa were diluted to a concentration of 500 × 106 spermatozoa/mL with tris-
citrate-fructose supplemented with either 12% HSP or 12% LSP.  All samples were then 
further diluted (1:4) with tris-citrate-glucose cryodiluent (15% egg yolk, 5% glycerol [v/v]).  
Samples were then chilled to 5°C over 2 hours, whereby they underwent pre freeze 
assessment (motility, membrane status and acrosome integrity) and were then frozen in 
straws as per the method described in Experiment 1. 
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5.3.3.4. Thawing and evaluation of spermatozoa 
All straws were thawed in a 37 °C water bath for 30 s with agitation.  All samples were 
immediately diluted 1:1 with Androhep (Minitube Australia, Smythes Creek, Australia).  
Samples were incubated at 37°C and aliquots taken at 0, 2 and 4 hours post thaw for 
evaluation. 
 
5.3.3.5. Motility 
At each time point, each sample was diluted to 25 × 106 spermatozoa/mL and assessed for 
motility objectively using computer assisted sperm analysis (CASA; HTM-IVOS v. 12; 
Hamilton-Thorne, Beverly, MA, USA) as per the method described in Experiment 1.  
 
5.3.3.6. Acrosome Integrity and Viability 
Sperm viability and acrosome integrity was assessed by staining thawed spermatozoa with 
propidium iodide (PI; final concentration 12µM: Sigma-Aldrich, Sydney, Australia) and 
fluorescein-conjugated peanut agglutinin (FITC-PNA; final concentration 0.4ug/mL; Sigma-
Aldrich, Sydney, Australia.  Following an incubation of 5 min at 37°C, semen samples were 
analysed using a FACScan flow cytometer (Becton Dickinson, San Jose, CA, USA) equipped 
with an argon ion laser (488 nm, 15 mW) for excitation. Acquisitions were made on a total of 
approximately 10 000 gated events using CellQuest 3.3 software (Becton Dickinson, San 
Jose, CA, USA).   The cells were classified as: viable acrosome intact cells (PI- PNA-); 
viable acrosome non-intact cells (PI- PNA+); non-viable acrosome intact cells (PI+ PNA-); 
or non-viable non-intact acrosome cells (PI+ PNA+).  
 
5.3.4. Statistical Analysis 
In Experiment 1, initial comparisons of motility data between rams were made with 
Microsoft Excel (V 12.1.0). Absolute decline in motility between pre-freeze and 0h and pre-
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freeze and 4 h was used as a measure of sperm resilience to cryopreservation.  Rams with a 
smaller difference between pre-freeze and post-thaw (0 and 4h) total motility were 
determined to have higher freezing resilience. Rams with a larger difference between pre-
freeze and post-thaw (0h and 4h) total motility were determined to have lower freezing 
resilience.  The degree of change in motility for each ram was compared across individual 
replicates (n=6) so as to select rams with the highest and lowest freezing resilience, but also 
with minimal variation in ranking over time. Freezing resilience data of rams selected as 
having high or low freezing resilience for subsequent use in Experiment 2 were analysed 
using a restricted maximum likelihood model (REML) linear mixed model in GenStat (V 16, 
VSN international, Hemel Hempstead, UK). Repetition was specified as a random effect.  
The freezing resilience group and time point were specified as fixed effects. 
Correlations between average initial ejaculate volume, sperm concentration, wave motion 
score and freezing resilience were calculated in Genstat (V 16, VSN international). 
 
In Experiment 2, sperm motility characteristics, viability and acrosome integrity were 
analysed using a restricted maximum likelihood model (REML) linear mixed model in 
GenStat (V 16, VSN international).  Ram (n=3), repetition (n=3) and seminal plasma 
treatment (HSP or LSP) were specified as random effects.  The effects of ram sperm freezing 
resilience (either high or low), seminal plasma treatment (HSP or LSP) and time of 
assessment (pre-freeze, 0, 2 and 4h) were specified as the fixed effects.  
 
For all analyses in Experiments 1 and 2, P<0.05 was considered statistically significant, and 
differences were determined by least significant differences. 
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5.4. RESULTS 
 
5.4.1. Experiment 1: The identification of rams with high or low sperm freezing 
resilience 
An expected decline in motility was seen between pre-freeze and 0h post thaw and pre-freeze 
and 4h post thaw for spermatozoa from each ram. The rate of decline in motility from pre-
freeze to 0h and pre-freeze to 4h differed between all 17 rams (Figure 5.1a and 5.1b), with 
some rams having a greater difference between pre-freeze and post thaw motility than others.  
The decline in sperm motility between pre-freeze and post thaw assessment at 0h and 4h 
ranged from 13.8±7.00% to 40.4±6.97% and 33.5±10.25% to 61.7±7.68%, respectively. 
 
High and low freezing resilience rams to be used in Experiment 2 (black and white bars 
indicated in Figure 5.1a and 5.1b), were selected based on extremity of freezing resilience, 
taking into account results at both 0 and 4 h post-thaw as well as the amount of variability 
seen between individual replicates, as evident by the small standard error associated with 
Ram H (Figure. 5.1a).  Initial wave motion, sperm concentration and motility prior to 
freezing was also checked to ensure all HSP and LSP males shared similar ejaculate 
characteristics.  Pre-freeze and post-thaw motility data of rams selected as having high or low 
freezing resilience (for subsequent use in Experiment 2) are shown in Figure 5.1c (individual 
rams) and 5.1d (group average).  Prior to freezing, the motility of both high and low freezing 
resilience rams was similar (P>0.05).  However, following cryopreservation and thawing, the 
motility of spermatozoa from high freezing resilience rams was significantly higher (P<0.05) 
than spermatozoa from low freezing resilience rams at 0, 2 and 4 h post-thaw.   
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Figure 5.1: Experiment 1: (a) difference in percentage of total motility as determined by 
CASA between pre-freeze and 0h post-thaw assessment of spermatozoa from all rams 
(A-Q), (b) difference in percentage of total motility as determined by CASA between 
pre-freeze and 4h post-thaw assessment of spermatozoa from all rams (A-Q) [n.b. in 
panel a and b, black columns identify rams selected for Experiment 2 as having high 
freezing resilience, white columns identify rams selected for Experiment 2 as having low 
freezing resilience] (c) percentage of total motility of spermatozoa from individual rams 
selected for high freezing resilience (−▲− ; −!− ; −!−) and low freezing resilience (- - 
✕ - -; - - + - -; - - "- -), (d) average percentage of total motility of spermatozoa from 
rams selected for high freezing resilience (n=3; - - !  - -) or low freezing resilience (n=3; 
–   ☐   –). Data are actual means ± S.E.M at pre-freeze, 0, 2 and 4 hours post-thaw incubation 
at 37 °C.  * Denotes significance between treatments within each time point (P<0.05). 
 
5.4.1.1. Correlation of biophysical properties with freezing resilience 
Table 5.1 displays correlations between initial ejaculate volume, sperm concentration, wave 
motion score and freezing resilience.  All correlations between initial biophysical properties 
of the ejaculate and freezing resilience were found to be weak and non-significant (Table 
5.1).  The average ejaculate volume, sperm concentration and wave motion of each ram are 
displayed in Supplementary file 5.1.   
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Table 5.1: Correlation coefficient between initial ejaculate volume, wave motion score, 
sperm concentration and resilience to cryopreservation (defined as change in total 
motility between assessment of spermatozoa immediately prior to freezing and 
immediately post-thaw (PF-0h) or immediately prior to freezing and 4 h post-thaw 
incubation at 37°C (PF-4h). 
Correlation to freezing resilience Biophysical properties of ejaculate 
PF-0h PF-4h 
Volume 0.24 
(P= 0.358) 
0.19 
(P= 0.468) 
Wave motion score -0.04 
(P= 0.870) 
0.01 
(P= 0.979) 
Sperm concentration -0.23 
(P= 0.371) 
-0.06 
(P= 0.819) 
 
5.4.2. Experiment 2: The effect of seminal plasma from rams with high or low 
resilience to freezing on the cryosurvival of spermatozoa 
5.4.2.1. Motility  
Neither source of spermatozoa nor seminal plasma (HSP or LSP) had a significant effect on 
sperm motility prior to freezing (P>0.05; Figure 5.2).  However, at 0, 2 and 4 h post-thaw, 
spermatozoa from high resilience rams frozen with HSP displayed superior motility to 
spermatozoa from high resilience rams frozen with low resilience seminal plasma (P<0.001; 
Figure 5.2).  At 0 h post-thaw, spermatozoa from low resilience rams frozen with HSP 
exhibited greater motility than low resilience rams frozen with LSP (P<0.001; Figure 5.2), 
but after 2 and 4 h of incubation there was no significant difference between these two 
treatments. 
 
Comparing within seminal plasma treatment, the post thaw motilities of spermatozoa from 
rams originally defined as having high or low sperm freezing resilience were equally poor 
when frozen in LSP at all time points.  Conversely, when frozen with HSP, spermatozoa from 
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high resilience rams exhibited greater motility than spermatozoa from low resilience rams at 
all time points (P<0.001; Figure 5.2).   
 
When spermatozoa were frozen with their original seminal plasma (i.e. high resilience rams + 
HSP, low resilience rams + LSP), spermatozoa from high resilience rams frozen with HSP 
displayed significantly higher motility than spermatozoa from low resilience rams frozen 
with LSP at 0, 2 and 4 h post thaw (P<0.001; Figure 5.2).  When frozen in seminal plasma 
from the opposite resilience group (i.e. high resilience rams + LSP, low resilience rams + 
HSP), spermatozoa from low resilience rams exposed to HSP displayed superior motility to 
spermatozoa collected from high resilience rams frozen in LSP at 0 but not 2 or 4 h post-
thaw. 
 
Neither source of spermatozoa nor seminal plasma (HSP or LSP) had a significant effect on 
average path velocity, straight-line velocity, curvilinear velocity, amplitude of lateral head 
displacement, beat cross frequency, straightness or linearity (data not shown). 
 
 
 
 
 
 
 
 
 
 
139 
 
 
 
 
 
 
 
 
 
Figure 5.2:  Percentage of total motility determined by CASA for rams with high 
freezing resilience frozen with HSP (- -#- -) or LSP (–#–), and rams with low freezing 
resilience frozen with HSP (- -  ☐  - -) or LSP (–  ☐  –). Data are actual means ± S.E.M at 
pre-freeze, 0, 2 and 4 hours post-thaw incubation at 37 °C. * Identifies significance between 
treatments within each time point (P<0.001). 
 
5.4.2.2. Viability and Acrosome Integrity 
Neither source of spermatozoa nor seminal plasma (HSP or LSP) had a significant effect on 
the percentage of viable acrosome intact cells prior to freezing.  Further, source of seminal 
plasma did not significantly affect the percentage of viable acrosome intact cells post-thaw.  
However, at both 0 and 2h post thaw, spermatozoa frozen from rams with high resilience to 
freezing had a significantly higher percentage of viable acrosome intact cells than 
spermatozoa frozen from rams with low resilience to freezing (P<0.05; Figure 5.3).  There 
were no significant differences recorded between rams with varying freezing resilience at 4h 
post thaw (P>0.05; Figure 5.3). 
 
* 
* 
* 
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Figure 5.3: Percentage of viable, acrosome intact spermatozoa as determined by flow 
cytometric assessment of FITC-PNA/PI staining for rams with high freezing resilience 
(−#−) and low freezing resilience (– ☐ –). Data are actual means ± S.E.M at 0, 2 and 4 
hours post-thaw incubation at 37 °C, pooled across SP treatment. * Identifies significance 
between treatments within each time point (P<0.05). 
 
5.5. DISCUSSION 
 
This study showed a significant variation between individual males and their ability to 
survive the freeze thaw process.  When spermatozoa from these rams were supplemented 
with seminal plasma from either high or low resilience rams, their ability to survive the 
freezing process was significantly altered compared to if they were frozen in their original 
seminal plasma.  This result indicates that variation in the freezing resilience of ram 
spermatozoa can be explained (at least in part) by the composition of seminal plasma to 
which they are exposed at ejaculation.  Furthermore, it suggests that seminal plasma from 
high freezing resilient rams may be compositionally different (e.g. different proteins or 
* 
* 
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proteins at varying concentrations) and serve to better protect spermatozoa during 
cryopreservation than that obtained from low freezing resilient rams.  
 
The results reported herein clearly demonstrate substantial variation in the freezing resilience 
between individual rams with differences in pre and post thaw motility rates ranging from 
13.8±7.00% to 40.4±6.97%.  Several studies have already documented the degree of 
individual variation in freezability, with the phenomenon of ‘good’ or ‘bad freezers’ reported 
between individuals in the boar (Thurston et al. 2001; Holt et al. 2005; Hernández et al. 
2007), dog (Yu et al. 2002), stallion (Aurich et al. 1996; Zahn et al. 2005), buffalo (Asadpour 
et al. 2007) and bull (Jobim et al. 2004). Similar work has been conducted in the ram, where 
males were graded according to pregnancy rate in the field and sperm quality compared in 
vitro (O'Meara et al. 2005; O' Meara et al. 2008). However, this is the first study in sheep to 
specifically document and grade inter-male variation based on a percent change in motility as 
a result of cryopreservation.  The cause of inter-male variation is not well described, but 
suggestions include dietary, seasonal, genetic or some other factor altering sperm membranes 
or seminal plasma composition (Holt et al. 2005; de Graaf et al. 2007d; Hernández et al. 
2007; Domínguez et al. 2008).  In rams, seasonal variation in seminal plasma is well 
established with spermatozoa supplemented with seminal plasma from the breeding season 
exhibiting a greater beneficial effect than seminal plasma collected during the non-breeding 
season (Domínguez et al. 2008; Leahy et al. 2010b).  However, this does not explain the 
variation in freezing resilience observed in the present study as all individuals were collected 
on the same day and only during the breeding season.  Likewise, diet is unlikely to explain 
the differences observed as all individuals grazed on the same pasture as a single flock. 
However, both age and breed did vary across individuals in the current experiment so these 
factors may have contributed to variation between males.  Differences in seminal 
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characteristics between breeds have been shown to exist when ejaculates are compared across 
season (Mert et al. 2009; Aller et al. 2012), but (as has already been mentioned) as all males 
in the present study were collected on the same day and in the same season, the breed x 
seasonal effects on semen characteristics would not have been a factor in these results.  
Regardless of any potential effect of breed, the major objective of this study was to identify 
the largest amount of variation amongst the highest number of males.  Subsequent studies 
could focus on identifying variation within an individual breed to confirm the current results 
and assess whether breed plays a role in inter-male variation.  Using a larger number of males 
may also be worthwhile from the standpoint of selecting individuals for artificial breeding 
programs.  Another possible explanation for the varied ability of spermatozoa to survive 
cryopreservation is related to the quality of the initial ejaculate (Roca et al. 2006). However, 
the lack of a correlation between ejaculate volume, wave motion score, sperm concentration 
and freezing resilience observed in the present study suggest that the biophysical 
characteristics of the initial ejaculate are poor indicators of freezing resilience.  It would seem 
that the collection of a ‘high quality’ ejaculate containing high sperm concentration and wave 
motion is no guarantee of successful semen cryopreservation in the ram.  Clearly, other 
factors are at play, a finding which supports our initial hypothesis that the composition of 
seminal plasma is responsible for the variation observed in sperm freezing resilience between 
males. 
 
The results of Experiment 2 confirm this hypothesis through demonstration that seminal 
plasma from males with known freezing resilience can alter the freezing success of ram 
spermatozoa.  Seminal plasma from males previously identified as having high freezing 
resilience was used effectively to improve the post-thaw sperm quality of spermatozoa from 
males known to exhibit low freezing resilience.  Similarly, seminal plasma from ‘poor 
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freezers’ greatly diminished the post-thaw motility of spermatozoa from males previously 
identified as ‘good freezers’.  This phenomena has been studied in other species where 
variable seminal plasma has been identified in the horse (Aurich et al. 1996; Zahn et al. 
2005), bull (Killian et al. 1993; Jobim et al. 2004), buffalo (Asadpour et al. 2007) and boar 
(Hernández et al. 2007), with the results of these studies similar to those reported herein. 
(Aurich et al. 1996)reported that the progressive motility and plasma membrane integrity of 
stallion spermatozoa both increased after spermatozoa from low freezing resilient males was 
frozen with seminal plasma from high freezing resilient males (Aurich et al. 1996).  In the 
same way, (Hernández et al. 2007)saw a significant improvement in the post thaw motility of 
boar spermatozoa when samples were frozen in the presence of seminal plasma from good 
freezers.  Interestingly, in the present study, when spermatozoa from low freezing resilient 
males were frozen with HSP, post thaw motility was improved, but not to the level seen when 
high freezing resilience spermatozoa was frozen with HSP.  This result is not surprising 
considering the spermatozoa from low resilience rams was previously exposed to low 
resilience seminal plasma during ejaculation and it has previously been argued that simply 
washing spermatozoa may not guarantee the removal of seminal plasma proteins associated 
with the sperm membrane (Levay et al. 1995).  Perhaps future studies could assess the effect 
of seminal plasma on epididymal spermatozoa, which have not been previously exposed to 
seminal plasma.  This could confirm the beneficial role that seminal plasma from high 
resilience rams plays during cryopreservation.  If freezing resilience is indeed related to the 
source and composition of seminal plasma, from a commercial viewpoint, further 
consideration should been given to the duration at which seminal plasma is exposed to 
spermatozoa following artificial semen collection.  Generally, following semen collection, 
samples are quickly diluted with a commercial diluent, hence the concentration of seminal 
plasma to spermatozoa is reduced.  Further research could investigate the relationship 
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between seminal plasma exposure and improved freezing resilience, the results of which 
could alter semen cryopreservation protocols for use in the artificial breeding world. 
 
Surprisingly, the only motility characteristic affected by seminal plasma treatment in the 
present study was total motility.  No effect was seen on any other kinematic spermatozoa 
parameters nor was there any effect on the percentage of viable, acrosome intact cells.  These 
results partially agree with Hernández et al. (2007) who found no effect of seminal plasma 
from phenotypically different males was seen on the kinematic parameters of boar 
spermatozoa, in contrast, the same study did observe an increase in the proportion of viable 
spermatozoa when they were frozen in the presence of seminal plasma from good freezing 
boars.  Similarly, Aurich et al. (1996), recorded a beneficial effect of seminal plasma from 
stallions with high post thaw motility on the membrane viability of spermatozoa from 
stallions with poor post thaw motility.   One possible reason this was not observed in the 
present study is the different amount of seminal plasma to which spermatozoa were exposed 
during processing.  Aurich et al. (1996) supplemented spermatozoa with more than double 
(30%) the amount of seminal plasma used in the current study (12%), and five times the 
amount used by Hernandez et al. (2007; 5%).  For future experiments, increasing the 
percentage of seminal plasma frozen with spermatozoa could be considered in an effort to 
confirm whether seminal plasma from different males can modify in vitro fertility parameters 
other than total motility.  Regardless of the outcome of any future experiments, precedence 
for changes in motility without corresponding changes in viability already exist (Casper et al. 
1996) and are a reminder that membrane viability is not a requisite for sperm motion. 
 
Considering each seminal plasma treatment used in the current study showed a markedly 
different ability to protect ram spermatozoa during cryopreservation it is reasonable to 
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conclude that the composition of LSP and HSP seminal plasma differed in some way.  
Seminal plasma contains a variety of components, including citric acid, sugars, salts, 
prostaglandins, electrolytes and lipids, but the most likely candidates causing the effects 
observed are proteins (Leahy and de Graaf 2012).  Two potential protein candidates, which 
could be present at varying levels between these seminal plasma groups are the Ram Seminal 
Vesicle Proteins, RSVP14 and 20.  These two proteins, weighing 14 and 20kDa respectively 
(Barrios et al. 2005), are not only thought to protect sperm from cold shock but also be 
involved in preventing sperm capacitation and attracting gamete interaction (Barrios et al. 
2000; Barrios et al. 2005; Cardozo et al. 2008).  Another potential candidate is Zinc-2-α 
glycoprotein (ZAG), a 43 kDa glycoprotein thought to be involved in the cAMP pathway, 
which regulates mammalian sperm motility (Ding et al. 2007; Qu et al. 2007). Therefore, it 
could be hypothesised that RSVP 14, 20 and ZAG are present in high amounts in seminal 
plasma from rams with high freezing resilience, yet present in low concentrations in seminal 
plasma from rams with low freezing resilience. Altering the concentration of these proteins 
could potentially vary the cryoprotective effect of seminal plasma.  To further investigate this 
hypothesis, proteomic assessment of the two phenotypically different seminal plasma groups 
identified in the present study is warranted.  Qualitative and quantitative assessments would 
not only enable the identification of potential fertility enhancing proteins in ram seminal 
plasma but also enable the correlation of protein presence and concentration to male freezing 
resilience.  Similar studies have been conducted in the bull (Jobim et al. 2004) and buffalo 
(Asadpour et al. 2007) using 2D gel electrophoresis as well as in the boar (Hernández et al. 
2007) using reverse phase liquid chromatography, to identify and compare proteins of interest 
in seminal plasma from males of known freezability.  Protein identification within seminal 
plasma using mass spectrometry has been conducted extensively in the ram (Souza et al. 
2012; Druart et al. 2013), but as yet no qualitative or quantitative comparisons of the proteins 
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identified in these studies have been made between seminal plasmas that exhibit varied 
functional phenotypes.  
 
In conclusion, the current study has shown that significant inter-male variation exists in the 
freezing resilience of ram spermatozoa.  Moreover, this variation in freezing resilience is 
related to the source and composition of seminal plasma, as seminal plasma from males with 
high freezing resilience was shown to improve the post thaw motility of spermatozoa from 
males previously identified as having spermatozoa with low freezing resilience.  Similarly, 
seminal plasma from low resilience males was able to lower or decrease the post thaw 
motility of spermatozoa from high freezing resilience males.  Further work to examine the 
proteomic composition of these two phenotypically different seminal plasma groups is 
required to identify the proteins responsible for such positive and negative effects on sperm 
function. 
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Chapter 6. Seminal plasma varying in protein 
composition can alter the cryosurvival of washed 
ram spermatozoa  
 
The experiments described herein intend to be published in combination with those described 
in Chapter 7 as: Rickard, J.P., Maddison, J.W., Soleihavoup, C., Tsikis, G., Labas, V., 
Harichaux, G., Lynch, G.W., Leahy, T., Druart, D., de Graaf, S.P. Proteomic assessment of 
seminal plasma from rams with high or low resilience to freezing.  Submitted to Journal of 
Protemics 
 
6.1. ABSTRACT 
 
Several studies have alluded to the idea that the protein component of seminal plasma is 
responsible for the observed variation reported in its effect on sperm function and fertility.  
Through a combination of 1D SDS electrophoresis, immunodetection, biochemical analysis 
and in vitro analysis of various sperm parameters, the present study investigated the effect of 
seminal plasma from rams known to have high (HSP) or low (LSP) resilience to freezing on 
washed ejaculated ram spermatozoa and determined whether these effects are linked with 
variation in the biochemical or protein components of HSP and LSP.  Ejaculated spermatozoa 
were washed, then frozen either in the absence of seminal plasma or in the presence of HSP 
or LSP (Experiment 1).  Immediately after thawing, spermatozoa that had been frozen with 
HSP had significantly higher motility than spermatozoa frozen with LSP (P<0.05).  
Biochemical analysis of HSP and LSP revealed no significant differences in the amount of 
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calcium, sodium, potassium, magnesium, zinc, chloride, cholesterol or glutathione peroxidase 
(P>0.05; Experiment 2). Immunodetection revealed HSP contained higher levels of various 
proteins including ezrin, VCP, GPI, sorbitol dehydrogenase and HSP70, but less ZAG and 
alpha enolase than LSP (P<0.05; Experiment 3).  These results suggest that variation in the 
cryoprotective effect of seminal plasma may be linked to the presence/absence and/or 
concentration of the individual proteins of which it is comprised.  Such findings are of 
interest to the development of improved extenders for semen cryopreservation.   
 
6.2. INTRODUCTION 
 
Seminal plasma is a complex medium largely comprised of ions, electrolytes, prostaglandins, 
citric acid, salts, sugars and proteins (Mann 1964)  It has long been considered to play an 
important part in sperm survival during ejaculation and in vitro processing, particularly 
cryopreservation.  In sheep, a number of studies have shown the protein component of 
seminal plasma to stabilise and reduce stress on the sperm membrane (Maxwell et al. 2007; 
Muiño-Blanco et al. 2008), prevent (Perez-Pe et al. 2001) or reverse (Barrios et al. 2000) 
cold shock damage and increase the number of motile, viable cells when spermatozoa are 
frozen with cryoprotective agents (El-Hajj Ghaoui et al. 2007b; Maxwell et al. 2007).  
However, other reports have portrayed a contradictory view of the effect of seminal plasma 
with no effect observed during chilled storage (Morrier et al. 2003), and its supplementation 
even detrimental to epididymal (Dott et al. 1979) and sex sorted ram spermatozoa (de Graaf 
et al. 2007a).  Contradictions also exist in reports of its ability to restore the ability of frozen-
thawed spermatozoa to traverse the ovine cervix.  This variability in effect observed within 
the literature is hypothesised to be attributed to differences in seminal plasma composition 
between individual males (Maxwell and Johnson 1999; Maxwell et al. 2007; Muiño-Blanco 
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et al. 2008; Leahy and de Graaf 2012) brought about by disparate physiological, nutritional 
and/or seasonal conditions (Ollero et al. 1997; Pérez-Pé et al. 2001b; Maxwell et al. 2007; 
Muiño-Blanco et al. 2008; Leahy et al. 2010b). 
 
Evidence to support this hypothesis was recently provided by Rickard et al. (in press; Chapter 
5) who demonstrated the source and composition of seminal plasma directly altered the 
ability of ram spermatozoa to survive cryopreservation.  Seminal plasma from males with 
high freezing resilience (HSP) was shown to improve the post thaw motility of spermatozoa 
from males previously identified as having spermatozoa with low freezing resilience.  
Likewise, seminal plasma from low resilience males (LSP) was able to lower or decrease the 
post thaw motility of spermatozoa from high freezing resilience males (Rickard et al. in 
press).  Similar studies in the bull (Jobim et al. 2004), buffalo (Asadpour et al. 2007) and 
boar (Hernández et al. 2007) have shown comparable results in addition to identifying 
specific protein differences between males with high and low freezing resilience.  In sheep, 
characterisation of such protein specific variation between rams has recently been undertaken 
based on liquid semen preservation ability with a number of proteins over or under expressed 
in high and low preservation ability groups (Soleilhavoup et al. 2014). However, in terms of 
sperm tolerance to freezing, similar data does not exist in sheep beyond associations with 
unidentified 1D electrophoresis protein bands of ram seminal plasma (Goularte et al. 2014).   
 
As such, the aims of the current study were to (1) examine the effect of seminal plasma from 
rams with varied freezing resilience (HSP and LSP) on the cryosurvival of washed 
spermatozoa and (2) contrast and compare the biochemical and proteomic composition of 
HSP and LSP to identify potential agents within seminal plasma which may be responsible 
for these effects. 
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6.3. MATERIALS AND METHODS 
 
6.3.1. Chemicals 
Unless otherwise stated all chemicals were supplied by Sigma-Aldrich (St Louis, MO, USA).  
Primary antibodies directed against the following peptides were purchased from Santa Cruz 
Biotechnologies (Santa Cruz, California, USA): Zinc-2-alpha glycoprotein (ZAG; 1/400, v/v; 
sc-11358), alpha enolase (1/500, v/v; sc-15343), sorbitol dehydrogenase (1/400, v/v; sc-
377200), lactoferrin (1/400, v/v; sc-52694), glucose 6 phosphate isomerase (1/400, v/v; sc-
33777) and TCP-1 complex (Zeta; 1/400, v/v; sc-271734).  Primary antibodies directed 
against heat shock protein 70 (1/1000, v/v; 610607) were purchased from Becton Dickerson 
Transduction Laboratories (BD, Le Pont de Claix, France).  Primary antibodies directed 
against ezrin (1/1000, v/v; 3145) were purchased from Cell Signaling Technology (Leiden, 
The Netherlands).  Primary antibodies directed against vasolin containing protein (VCP; 
1/2000, v/v; ab11433) were purchased from Abcam (Cambridge, UK). 
 
The secondary antibody used for primary rabbit antibodies, was goat anti rabbit horseradish 
peroxidase (1/5000, A6154) purchased from Sigma Aldrich (Lyon, France).  The secondary 
antibody used for primary mouse antibodies, was goat anti mouse horseradish peroxidase 
(1/5000, 172-1011) purchased from Biorad (Hercules, USA). 
 
The chemiluminescent, horse radish peroxidase substrate was SuperSignal West Pico and 
West Femto Substrate (Thermo Scientific, Rockford, USA). 
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6.3.2. Experimental design 
Procedures herein were approved by the University of Sydney’s Animal Ethics Committee.  
Three experiments were conducted to observe the role of HSP and LSP on washed merino 
spermatozoa and determine whether these effects are a result of variable biochemical and/or 
protein composition.  In the first experiment, the effect of HSP and LSP on the motility, 
viability and acrosome integrity, capacitation status and mitochondrial membrane potential of 
ejaculated, washed spermatozoa was examined.  In the second experiment, the concentration 
of glucose, zinc, calcium, magnesium, sodium, potassium, cholesterol and glutathione 
peroxidase in HSP and LSP were determined using manufactured commercial kits at 
Regional lab services (RLS, Victoria, Australia).  Finally, immunodetection was used to 
determine whether HSP and LSP varied in the relative amounts of zinc-2-alpha glycoprotein, 
alpha enolase, sorbitol dehydrogenase, heat shock protein 70 (HSP-70), lactoferrin, ezrin, 
vasolin containing protein (VCP), glucose 6 phosphate isomerase (GPI) and TCP-1, which 
had previously been suggested to correlate with liquid preservation ability of ram semen 
(Soleilhavoup et al. 2014) 
 
6.3.3. Seminal plasma collection 
Ejaculates (n=3/ram) were collected by artificial vagina from rams (n=6; Mar-June 2012) at 
the University of Sydney, Camden campus previously identified to have spermatozoa with 
high (n=3; HSP) or low (n=3; LSP) resilience to freezing (Rickard et al. in press).  HSP and 
LSP rams were selected based on the extremity and consistency of the difference between 
their recorded motility before and after freezing (see Rickard et al. in press).  Ejaculates were 
centrifuged at 16000 × g (Model 1-14 Centrifuge; Sigma-Aldrich) for 30 min, the supernatant 
aspirated and subjected to further centrifugation (16000 × g, 30 min) to remove any 
remaining sperm and cell debris.  Individual seminal plasma samples were pooled within ram 
152 
and then pooled within category (HSP or LSP), they were subsequently aliquoted before 
being stored at -80°C.  Samples were thawed on ice and mixed well prior to use. 
 
6.3.4. Experiment 1: The effect of HSP and LSP on the cryosurvival of ram 
spermatozoa 
6.3.4.1. Semen collection and washing of spermatozoa 
Ejaculates (n=3/ram) were collected by artificial vagina from mature, merino rams (N=3; 
Sept 2012) at the University of Sydney, Camperdown campus in the presence of a teaser ewe.  
Ejaculates were immediately assessed for wave motion (scored on a scale of 0-5), appearance 
(thick and creamy, milky or watery), and volume (mL).  Ejaculates were only used for the 
experiment with a wave motion score of 3 or more, a thick and creamy appearance and if free 
of blood and urine contamination.  Ejaculates were slowly diluted 1:1 (semen:diluent, v/v) 
with a tris-citrate-fructose diluent (Evans and Maxwell 1987) supplemented with 0.3% 
bovine serum albumin (BSA; Sigma-Aldrich). Two 500 µL aliquots per ram were gently 
washed in 10 mL of tris-citrate-fructose via centrifugation (200 × g, 27 °C, 10 min). The 
supernatant containing seminal plasma, diluent and other contaminants was removed and the 
washed sperm pellets pooled.  
 
6.3.4.2. Dilution and cryopreservation of spermatozoa with HSP and LSP 
Washed spermatozoa were diluted to a concentration of 500×106 spermatozoa/mL with tris-
citrate-fructose supplemented with either 12% HSP or 12% LSP.  All samples were then 
further diluted (1:4) to 100×106 spermatozoa/mL with a tris-citrate-glucose cryodiluent (15% 
egg yolk, 5% glycerol [v/v]; (Evans and Maxwell 1987).  Samples were then chilled to 5°C 
over 2 hours, whereby an aliquot underwent pre freeze assessment (motility, viability and 
membrane status, capacitation status and mitochondrial membrane potential) at 37°C.  
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Samples were then frozen via the straw method (Evans and Maxwell 1987).  Briefly, 200 µL 
of sample was loaded into pre-chilled straws (0.25mL; IMV, L’Aigle Cedex, France) and 
sealed with polyvinyl chloride (PVC) powder. Straws were randomly loaded onto a pre-
cooled freezing rack before exposure to liquid nitrogen vapour 6cm above the liquid nitrogen 
surface for 6 min.  All straws were then submerged in liquid nitrogen and stored until 
assessment.   
 
6.3.4.3. Thawing and evaluation of spermatozoa 
All straws were thawed in a 37 °C water bath for 30 s with agitation.  Samples were 
immediately diluted 1:1 with Androhep [AH] (Minitube Australia, Smythes Creek, Australia) 
and maintained at 37°C over a 6 hour incubation period.  Aliquots were taken at 0, 3 and 6 
hours post thaw and further diluted to 25×106 spermatozoa/mL with AH for evaluation. 
 
6.3.4.4. Assessment of motility  
Motility was assessed using computer assisted sperm analysis (CASA; HTM-IVOS v. 12; 
Hamilton-Thorne, Beverly, MA, USA). Semen samples (5.5 µL) were placed on slides pre-
warmed to 37°C (Cell Vu, Millenium Sciences Corp., NY, USA) and enclosed using a 22 
mm x 22 mm coverslip before immediate transfer to the CASA. Motility and kinematic 
characteristics (total motility, progressive motility, average path velocity, straight line 
velocity, curvilinear velocity, amplitude of lateral head displacement, beat cross frequency, 
straightness and linearity) were determined by assessment of several microscopic fields (200-
300 cells/sample) using factory CASA (ram) settings.  
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6.3.4.5. Assessment of viability and acrosome integrity 
Sperm viability and acrosome integrity was assessed by staining thawed spermatozoa with 
propidium iodide (PI; final concentration 12 µM: Sigma-Aldrich, Sydney, Australia) and 
fluorescein-conjugated peanut agglutinin (FITC-PNA; final concentration 0.4 µg/mL; Sigma-
Aldrich, Sydney, Australia).  Following an incubation of 5 min at 37°C, semen samples were 
analysed using a FACScan flow cytometer (Becton Dickinson, San Jose, CA, USA) equipped 
with an argon ion laser (488 nm, 15 mW) for excitation. Acquisitions were made on a total of 
approximately 10 000 gated events using CellQuest 3.3 software (Becton Dickinson, San 
Jose, CA, USA).   The cells were classified as: viable acrosome intact cells (PI- PNA-); 
viable acrosome non-intact cells (PI- PNA+); non-viable acrosome intact cells (PI+ PNA-); 
or non-viable non-intact acrosome cells (PI+ PNA+). 
    
6.3.4.6. Assessment of capacitation status 
The capacitation status of sperm was assessed by staining thawed spermatozoa with 
Merocyanine 540 (M540; final concentration 2.6µM: Sigma-Aldrich, Sydney, Australia) and 
YoPro-1 (final concentration 24 nM: Sigma-Aldrich, Sydney, Australia).  Following an 
incubation of 5 min at 37°C, semen samples were analysed using a FACScan flow cytometer 
(Becton Dickinson, San Jose, CA, USA) as per above.  The cells were classified as: viable 
with low membrane fluidity (M540- YoPro-); viable with high membrane fluidity (M540+ 
YoPro-); or apoptotic spermatozoa (M540- YoPro+; M540+ YoPro+). 
  
6.3.4.7. Assessment of mitochondrial membrane potential 
Mitochondrial membrane potential was assessed by staining thawed spermatozoa with the 
mitochondrial probe 5,5’, 6,6’-tetra-chloro-1,1’,3,3’-tetraethylbenzimidazolyl-carbocyanine 
iodide (JC-1; final concentration 4 ng/mL; Molecular Probes, USA).  Following an 
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incubation of 10-15 min at 37°C, an aliquot (10µl) was loaded onto a clean, pre-warmed slide 
and viewed under an Olympus BHS fluorescent microscope (200 x magnification, 200 
cells/view) comprising a 520 – 550 nm band pass filter and a supplementary 515 nm exciter 
filter. Emissions were observed through a 565 nm dichroic mirror with an additional 610 nm 
barrier filter (Garner and Thomas 1999). The number of spermatozoa seen with fluorescent 
orange mid-pieces (aggregates) were considered to have high membrane potential while 
spermatozoa exhibiting green fluorescence (monomers) were determined to have low 
membrane potential.  
 
6.3.5. Experiment 2: Biochemical analysis of HSP and LSP  
The technique used for biochemical analysis varied depending on the analyte in question.  
Regional Laboratory Services (RLS, Benalla, VIC, Australia), were employed to analyse 
seminal plasma samples from HSP (n=3) and LSP (n=3) rams.  The concentration of sodium 
and potassium were determined by emission flame photometry and zinc by atomic absorption 
spectrophotometry.  Glucose, chloride, cholesterol, magnesium, calcium, glutathione 
peroxidase were determined using commercial diagnostic kits (Regional Laboratory Services; 
RLS; Benalla, Australia). 
 
6.3.6. Experiment 3: Immunodetection of proteins within HSP and LSP 
6.3.6.1. ID-SDS PAGE 
Seminal plasma collected from HSP and LSP rams were pooled within category and the 
protein concentration determined using a Pierce bicinchoninic acid assay (BCA; Thermo 
Fisher Scientific, Rockford, USA).  SDS-PAGE electrophoresis was carried out according to 
Laemmli’s method (Laemmli 1970) under reducing conditions.  Briefly, 15 µg of HSP and 
LSP protein were deposited in individual lanes on an 8-16% gradient SDS acrylamide gel 
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(6cm x 4cm) and migrated for 60 min at 180V.  Each lane was replicated three times and a 
Precision Plus Protein Standard (Bio-Rad, Hercules, USA) was used to estimate molecular 
weight. 
 
6.3.6.2. Western Blot and densitometric quantification 
Semidry transfer of proteins was performed over 1 hour and 15 min at 100 V, 300 mAmps.  
The membrane (Whatman™Protran Nitrocellulose; Sigma Aldrich) was then stained briefly 
with red ponceau solution (Sigma-Aldrich, NSW, Australia) to confirm successful transfer of 
proteins.  The western blots were then blocked with TBS-Tween 20 (0.5%, w/v), 
supplemented with lyophilised low-fat milk (5%; w/v) for 1 hour with agitation at room 
temperature.  Membranes were incubated with primary rabbit polyclonal antibodies directed 
against zinc-2-alpha glycoprotein, alpha enolase, sorbitol dehydrogenase, heat shock protein 
70 (HSP70), lactoferrin, ezrin, vasolin containing protein (VCP), glucose 6 phosphate 
isomerase (GPI) and TCP-1, under mild agitation for 1.5 hours at 37°C or overnight at 4°C.  
The membrane was rinsed with TBS-Tween 20 (0.5%, w/v) before being incubated with the 
secondary antibody under mild agitation for 1 hour at 37°C or overnight at 4°C.  The 
peroxidase was revealed with chemiluminescent substrates and the image recorded on film or 
digitized using a cooled CCD camera.  Western blots were replicated three times and no 
reaction was observed with the secondary antibodies alone. 
 
Densitometric quantification of the signal was performed with an ImageScanner (GE 
Healthcare, Orsay, France) and analysed with TotalLab software (Newcastle upon Tyne, 
UK). 
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6.3.7. Statistical Analysis 
Data collected from experiment 1 were analysed using a restricted maximum likelihood 
model (REML) linear mixed model in Genstat (V 15; VSN international, Hemel Hempstead, 
UK).  Ram, repetition and treatment (HSP or LSP) were specified as random effects, while 
treatment and time of assessment (pre-freeze, 0, 3 and 6 hours) were specified as fixed 
effects. Data collected from experiment 2 were analysed using a balanced one-way ANOVA 
with blocking in Genstat (treatment was blocked with ram). In experiment 3, a two-tailed, 
paired t-test was used to determine the level of significance between the relative amounts of 
each protein in HSP and LSP.  A relative ratio of difference was calculated for each protein 
(HSP/LSP).  Where applicable, experimental means were reported with ± standard error of 
the mean and P<0.05 was considered statistically significant. Differences were determined 
by least significant differences. 
 
6.4. RESULTS 
 
6.4.1. Experiment 1: The effect of HSP and LSP on the cryosurvival of ram 
spermatozoa 
Prior to freezing, there was no significant effect of seminal plasma treatment (HSP or LSP) 
on sperm motility (P>0.05; Figure 6.1).  However, at 0 and 3 hours post thaw, spermatozoa 
frozen with HSP displayed superior motility to spermatozoa frozen without seminal plasma.  
At 0 hours only, spermatozoa frozen with HSP also had higher motility than spermatozoa 
frozen with LSP (P<0.05; Figure 6.1).  There was no significant difference between 
spermatozoa frozen with LSP and spermatozoa frozen without seminal plasma at this time 
point (P>0.05; Figure 6.1). At 3 hours only, spermatozoa frozen with HSP and LSP 
displayed significantly higher motility than spermatozoa frozen in the absence of seminal 
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plasma, there was no significant difference between HSP and LSP treatments (P<0.05; 
Figure 6.1).  At 6 hours post thaw, there was no significant difference in the motility of 
spermatozoa frozen in the absence of seminal plasma nor with HSP or LSP (P>0.05; Figure 
6.1). 
 
Prior to freezing and post thaw (0-6 hours), there was no significant difference in the 
kinematic parameters (progressive motility, VAP, VCL, VSL, LIN, STR, BCF, ALH) of 
spermatozoa, percentage of cells with viable, intact membranes, percentage of cells with high 
membrane fluidity or percentage of cells with respiring mitochondria when spermatozoa were 
frozen in the absence of seminal plasma, with HSP or with LSP (data not shown).   
 
 
 
 
 
 
 
 
 
 
Figure 6.1: Percentage of total motility determined by CASA for rams frozen in the 
absence of seminal plasma (− !−), frozen with HSP (−!−) or frozen with LSP (−▲−).  
Data are actual means ± S.E.M. at pre-freeze (PF), 0, 3 and 6 hours post thaw 
incubation at 37°C. * Indicates treatments within each time point that are significantly 
different (P<0.05). 
* 
* 
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6.4.2. Experiment 2: Biochemical analysis of HSP and LSP 
There was no significant difference in the concentration of glucose, zinc, calcium, 
magnesium, sodium, potassium, cholesterol or glutathione peroxidase between HSP and LSP 
rams (P>0.05; Table 6.1). 
 
Table 6.1: Concentration of biochemical analytes in HSP and LSP.  Glucose, chloride, 
calcium, magnesium, cholesterol and glutathione peroxidase were determined using 
commercial diagnostic kits, potassium and sodium were determined using emission flame 
photometry and zinc was determined using atomic absorption spectrometry.  Data are relative 
means ± S.E.M accumulated over rams previously identified as having spermatozoa with 
high (HSP; n=3) or low (LSP; n=3) resilience to freezing. 
Analyte HSP LSP 
Glucose 15.7 ±2.46 mmol/L  11.5 ±6.35 mmol/L  
Zinc 47.7 µ±2.45 mol/L  45.3 ±12.20 µmol/L  
Calcium 1.8 ±0.18 mmol/L  1.5 L ±0.13 mmol/ 
Magnesium 1.3 ±0.14 mmol/L  1.3 ±0.10 mmol/L  
Sodium 78.7 ±9.33 mmol/L  67.3 ±12.24 mmol/L  
Potassium 16.3 ±1.21 mmol/L  16.4 L ±1.63 mmol/ 
Cholesterol 0.2 ±0.09 mmol/L  0.3 ±0.10 mmol/L  
Glutathione Peroxidase 2.1x10-18 ±1.02x10-18 mmol/L  1.2x10-18 ± 5.24x10-19 mmol/L 
 
6.4.3. Experiment 3: Immunodetection of proteins within HSP and LSP 
6.4.3.1. SDS PAGE comparison of HSP and LSP 
The general electrophoretic profile of HSP and LSP revealed proteins ranging from 5-150 
kDa with the majority of proteins containing a molecular weight below 25kDa (Figure 6.2).  
Red ponceau staining showed successful transfer of proteins, clear definition of bands and 
equal dissolution of protein in each sample. 
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Figure 6.2: 1D SDS PAGE of HSP (lane 1) and LSP (lane 2).  Identical amounts (15ug) of 
seminal plasma protein were separated on an 8-16% acrylamide gel (under reducing 
conditions) and stained with Red Ponceau prior to western blotting to visualise protein 
transfer.  A Precision Plus protein standard was used to estimate molecular weight. 
 
6.4.3.2. Densitometry analysis of HSP and LSP 
Western blot and densitometry analysis revealed significant differences in the relative 
abundance of specific proteins between HSP and LSP (P<0.05; Figure 6.3).  There was a 
significant difference in the expression of eight of the nine proteins examined (P<0.05; 
Figure 6.3) with lactoferrin being the only protein similarly expressed in both HSP and LSP 
(P>0.05; Figure 6.3).  Ezrin had the largest relative difference being expressed 10.55 times 
more in HSP than LSP.  TCP-1 had the second largest relative difference being expressed 
  kDa    Lane 1  Lane 2 
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8.78 times more in HSP than LSP.  Zinc-2-alpha glycoprotein (ZAG) and alpha enolase were 
the only two proteins to be over expressed in LSP with a relative difference of 0.52 and 0.2, 
respectively (P<0.05; Figure 6.3). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.3: Relative abundance of seminal plasma proteins in HSP and LSP and their 
respective molecular weight.  Samples were analysed by western blot using primary 
antibodies direct against ZAG, alpha enolase, sorbitol dehydrogenase, ezrin, lactoferrin, 
VCP and GPI.  Relative amounts were calculated by standardising values against a positive 
control and averaged over 3 replicates.  Ratios were calculated by dividing HSP abundance 
by LSP abundance.  P<0.05 was considered significant 
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6.5. DISCUSSION 
 
The results from the current study have shown that success of sperm cryopreservation can be 
altered by supplementation with heterologous seminal plasma derived from males with 
different sperm freezability phenotypes.  Supplementation of spermatozoa with seminal 
plasma from rams with high freezing resilience confers greater protection from freeze-thaw 
damage than supplementation with seminal plasma from low freezing resilience rams.  This 
differential effect does not appear to be linked to biochemical differences in the seminal 
plasma, but rather the relative abundance of individual seminal plasma proteins.  To the best 
of our knowledge, this is the first study to identify multiple markers of cryoprotective success 
in the seminal plasma of the ram. 
 
In the current study, HSP and LSP significantly altered the post thaw motility of heterologous 
ram spermatozoa.  Immediately after thawing, spermatozoa frozen with HSP maintained the 
highest motility, with no difference in motility seen between spermatozoa frozen with LSP or 
in the absence of seminal plasma.  These current results are consistent with those of Rickard 
et al. (in press; Chapter 5), which demonstrated that the freezing resilience or post thaw 
motility of spermatozoa could be modified by exposure to seminal plasma sourced from rams 
with high or low freezing resilience.  The advantageous effect of seminal plasma from males 
with high freezing resilient spermatozoa has been observed in other species.  Hernández et al. 
(2007) and Aurich et al. (1996) saw an improvement in the post thaw motility of boar 
spermatozoa and progressive motility of stallion spermatozoa, respectively, when frozen with 
seminal plasma from males with good freezability.  In general, the beneficial effect of 
seminal plasma on sperm motility during cryopreservation has been similarly reported in the 
stallion (Heise et al. 2010; Morrell et al. 2014), bull (Garcia and Graham 1987) and ram 
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(Dott et al. 1979; Graham 1994).  Interestingly, Dott et al. (1979) reported a decline in 
motility after an initial stimulation.  This was noticed in the current study where the superior 
motility of spermatozoa frozen with HSP was not maintained over the entire incubation 
period and all treatments, regardless of seminal plasma exposure, had similar motility at 6 
hours post thaw.  This could suggest that the beneficial components within HSP play an 
important role immediately following thawing, perhaps helping to alleviate any handling 
induced damages that occur during the freezing process (Leahy and de Graaf 2012). 
 
The supplementation of seminal plasma, regardless of whether it came from rams with high 
or low freezing resilience, failed to alter the viability, mitochondrial respiration, capacitation 
status or kinematic parameter of spermatozoa post thaw.  A similar result regarding the 
viability of cells was achieved by Dott et al. (1979) in the ram and bull, where the proportion 
of non-eosinophilic spermatozoa post thaw was unaffected by the presence of seminal 
plasma.  Additionally, Rovegno et al. (2013) also concluded that seminal plasma had no 
effect on the viability of frozen thawed ram spermatozoa over an extended incubation period.  
In contrast, seminal plasma has been shown to improve the viability of ram spermatozoa 
following sex sorting (Maxwell et al. 1997).  Perhaps, the effect of seminal plasma on sperm 
viability is related to the amount of seminal plasma exposed to the cell and the degree of in 
vitro processing which could contribute to handling induced damage.  In the current study, 
ejaculated spermatozoa were washed to remove existing seminal plasma, which perhaps 
altered the plasma membrane and contributed to poor viability across all treatments.  It would 
therefore be of interest to investigate the effect of seminal plasma proteins on epididymal 
spermatozoa, which have yet to come into contact with seminal plasma.  Furthermore, the 
lack of effect observed on sperm viability could suggest that the proteins present in HSP play 
a more focused role on sperm motility rather than viability.  As such, future experiments 
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could attempt to identify proteins which may play a role in sperm viability and other 
kinematic parameters and investigate whether varying concentrations of seminal plasma 
and/or its individual components can alter this effect. 
 
The results from the current study showed that HSP and LSP were statistically similar in their 
biochemical composition.  This suggests that the variation in freezing success conferred by 
seminal plasma exposure is unlikely to be a result of biochemical composition.  This is 
interesting as the role of biochemical analytes in mammalian seminal plasma has been 
extensively studied and found to influence sperm function. Sodium and potassium have been 
shown to balance osmotic conditions (Çevik et al. 2007) and influence sperm metabolism 
(Massanyi et al. 2003) while calcium and magnesium are thought to influence sperm motility, 
viability and trigger the capacitation reaction (Kaya et al. 2002; Jobim et al. 2004).  In 
addition, high levels of glutathione peroxidase indicates scavenging of reactive oxygen 
species, leaving the cell free of lipid peroxidation and oxidative stress (Jones and Mann 
1977).  The relative amount of calcium and magnesium detected in the current study were in 
the same range as that identified in ram seminal plasma by Juyena and Stelletta (2012).  
However, the other analytes investigated varied greatly in concentration.  This could be due 
to breed differences amongst the rams used in the current study (Merino, Merino X, 
Coopworth and Finn X).  Existing literature have reported significant differences in the 
biochemical composition between different sheep breeds (Abdel-Rahman et al. 2000), 
especially in potassium and sodium.  It could be of further interest to assess the seminal 
plasma biochemical composition of the breeds used in the current study to confirm the role of 
biochemical agents on ram sperm freezing resilience.  It should also be considered that the 
potential lack of significant difference in analytical composition between the six rams in the 
current study could be related to the small sample size used.  Future studies could repeat the 
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experiment, incorporating a larger number of rams to ensure that freezing resilience is not in 
part related to the variable composition of analytes within a ram’s seminal plasma.   As 
described above many of these components are considered vital for sperm function in vitro 
and are even used today as the base for several semen extenders (Evans and Maxwell 1987; 
Leahy and de Graaf 2012).  Nevertheless, it is still widely considered that the protein 
component within seminal plasma makes up the greatest contribution by weight (Mann 1964) 
and is the dominant modulator of sperm function (Leahy and de Graaf 2012). 
 
Immunodetection revealed significant differences in the expression of several proteins 
between the two seminal plasma groups, which differentially affected post thaw motility.  
This agrees with results by Goularte et al. (2014) who found an association between the 
presence of a 24 kDa band and reduced post thaw sperm quality.  Similar studies in other 
species have also correlated seminal plasma protein bands, separated by gel electrophoresis to 
in vitro sperm characteristics.  Interestingly, a band of similar molecular weight to that 
identified by Goularte et al. (2014), was found to be significantly correlated with progressive 
sperm motility in fresh and frozen thawed buffalo spermatozoa (Asadpour et al. 2007), 
suggesting species differences in the observed effect of individual proteins.  Despite this, 
relatively few studies have linked the expression of characterised proteins to freezing 
resilience, in particular, sperm motility post thaw.  The identification of several binder of 
sperm proteins in the ram (RSVP14 and RSVP20) (Barrios et al. 2000; Perez-Pe et al. 2001; 
Barrios et al. 2005) and bull (BSP A1/A2) (Manjunath and Sairam 1987) have been linked to 
increased resistance to cold shock, preserving membrane integrity and reducing 
cryocapacitation (Muiño-Blanco et al. 2008).  As such the results reported in the current 
study, which positively associates the proteins; HSP70, sorbitol dehydrogenase, VCP, ezrin 
and GP1 to ram freezing resilience, significantly increases the information available.  Further 
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studies in the bull have also found that the acidic protein of bovine seminal plasma (aSFP) is 
quantitatively higher in bulls with high freezability (Jobim et al. 2004) and acts as an 
antioxidant, reducing the level of lipid peroxidation (Scho ̈neck et al. 1996).   
 
Of the proteins found to differ significantly in expression between HSP and LSP, several 
could be associated with influencing sperm motility.  The protein HSP70 was found to be 
more abundant in HSP than LSP, suggesting a positive association with motility.  HSP70 has 
recently been studied in the Japanese quail and was demonstrated to stimulate sperm motility 
in vitro by activating flagella movement (Hiyama et al. 2014).  While it is acknowledged that 
species differences may occur in the seminal composition and reproductive biology of 
mammals and birds, HSP70 may influence flagellar movement in the spermatozoa from rams 
with high motility post thaw.  Existing literature also report zinc-2-alpha glycoprotein, 
another seminal plasma protein, to be a forward motility activator, which utilises the cAMP 
pathway to regulate flagella movement (Schuh et al. 2006; Ding et al. 2007).  However, in 
the current study, ZAG was more highly expressed in LSP than HSP, suggesting that ZAG 
may be associated with poor motility.  Interestingly, the role of ZAG on ram spermatozoa 
during liquid preservation (0-24 hours) found that as the concentration of ZAG exposed to 
spermatozoa increased, motility at 0 hours increased.  Yet following liquid preservation, 
sperm preservation decreased (Soleilhavoup et al. 2014).  Therefore, in accordance with 
Soleilhavoup et al. (2014) high levels of ZAG in LSP might have contributed to enhanced 
motility prior to freezing, yet post thaw decreased the overall longevity of spermatozoa, 
reducing motility post thaw, perhaps due to exhausted energy supplies.  Examining the role or 
effect of ZAG on sperm function prior to freezing would be of interest in future studies, to 
confirm the biphasic effect of ZAG (Soleilhavoup et al. 2014) during semen cryopreservation 
and potentially label it as a negative marker of sperm freezing resilience. 
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The development of mass spectrometry has provided the opportunity to quantitatively assess 
the proteomic component of a range of samples, varying in complexity.  The use of select 
protein-direct antibodies examined in the current study, provided some preliminary data 
about the protein components within HSP and LSP.  With this backdrop, a more 
comprehensive mass spectrometry analysis of the proteomes of HSP and LSP is needed and 
would be invaluable to future studies.  Incorporating qualitative and quantitative proteomic 
techniques like those used by Druart et al. (2013) and Soleilhavoup et al. (2014), could 
enable the identification of other potential proteins, which are distinct from those identified as 
liquid preservation markers and more related to enhancing sperm function during 
cryopreservation.   
 
In conclusion, the current study has shown that the post thaw motility (but not membrane 
viability, acrosome, capacitation nor mitochondrial membrane potential) of ram spermatozoa 
is influenced by the composition of the seminal plasma to which it is exposed during 
freezing.  The components linked to this effect appear to be proteins rather than other 
biochemical constituents.  These findings suggest that the presence or relative abundance of 
individual proteins such as ZAG or HSP70 could contribute to the varied effects of each 
seminal plasma phenotype on sperm motility post thaw.  Further experiments such as the 
depletion or supplementation of these proteins of interest would help determine their 
physiological effect on sperm function and are warranted in pursuit of improved methods for 
the cryopreservation of ram semen. 
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Chapter 7. Proteomic assessment of seminal 
plasma from rams with high or low resilience to 
freezing 
 
The experiments described herein intend to be published in combination with those described 
in Chapter 6 as: Rickard, J.P., Maddison, J.W., Soleihavoup, C., Tsikis, G., Labas, V., 
Harichaux, G., Lynch, G.W., Leahy, T., Druart, D., de Graaf, S.P. Proteomic assessment of 
seminal plasma from rams with high or low resilience to freezing.  Submitted to Journal of 
Proteomics 
 
7.1. ABSTRACT 
 
The protein component of seminal plasma has been shown to influence sperm function and 
vary considerably between males.  Extensive research has been undertaken in an attempt to 
identify a marker of sperm preservation within seminal plasma (SP).  The development of 
these markers could be used to improve the efficiency and success of assisted reproductive 
technologies, particularly cryopreservation.  Using a combination of label-free quantitative 
mass spectrometry and immunodetection, we have identified several seminal plasma proteins 
associated with high (HSP) or low resilience (LSP) to freezing.  Of these markers, zinc-2-
alpha glycoprotein (ZAG) has previously been shown to influence the sperm function of ram 
spermatozoa following liquid storage.  As such, the influence of various concentrations of 
ZAG (0, 0.1, 1 and 10 µg/mL) and SP (10%) on epididymal sperm function (motility, 
viability, mitochondrial membrane potential and ability to penetrate cervical mucus of 
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spermatozoa) was assessed before and after freezing.  Despite having no effect on total 
motility, ZAG significantly altered the velocity of spermatozoa post thaw.  Subsequent 
correlations between the protein expression (determined by western blot) of ZAG and other 
proteins of interest (sorbitol dehydrogenase, 26S proteasome, TCP-1α and alpha enolase) 
with the freezing resilience of a wider population of rams did not show any specific pattern 
linking protein expression with freezing resilience.  Therefore, the results of this study 
suggest that the freezing resilience of ram spermatozoa conferred by seminal plasma is not 
the result of the presence or abundance of a single protein. 
 
7.2. INTRODUCTION 
 
Seminal plasma is a complex, protein-dominated fluid secreted from the testes, epididymides 
and male accessory sex glands (Mann 1964).  It has been reported to both benefit (Maxwell et 
al. 2007; Muiño-Blanco et al. 2008), and limit (Dott et al. 1979; de Graaf et al. 2007a) the 
survival of ram spermatozoa post thaw.  This variability in effect has recently been shown to 
be due to differences in the protein composition of seminal plasma (Pérez-Pé et al. 2001a; 
Cardozo et al. 2006).  Using advanced proteomic methods, the ram seminal plasma proteome 
has been extensively studied (Souza et al. 2012; Druart et al. 2013; Soleilhavoup et al. 2014) 
and reported to contain over 700 proteins (Soleilhavoup et al. 2014).  The dominant proteins 
are from the spermadhesin [Bodhesin-2, spermadhesin-1 (SPADH1) and spermadhesin Z13 
(SPADH2)] and Binder of Sperm Proteins [BSP1, BSP5, RSVP14, RSVP22 (Barrios et al. 
2005; Bergeron et al. 2005; Druart et al. 2013; Soleilhavoup et al. 2014)].   
 
Studies in the bull (Killian et al. 1993; Jobim et al. 2004), buffalo (Asadpour et al. 2007) and 
ram (Goularte et al. 2014) have attempted to link the expression of certain protein bands 
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separated during electrophoresis, with individual freezing resilience.  In these studies seminal 
plasma was collected from individual males with high or low freezing resilience and 
separated using 1D SDS-polyacrylamide gel electrophoresis.  The expression of certain 
proteins ranging in molecular weight was found to be correlated to altered sperm function 
post thaw (Jobim et al. 2004; Asadpour et al. 2007; Goularte et al. 2014). For example, in the 
ram, motility prior to freezing was increased when a 15, 19 and 80 kDa band was present in 
ram seminal plasma.  Similarly, acrosome integrity was enhanced post thaw when a 31 kDa 
protein band was present (Goularte et al. 2014).  Despite the above studies providing 
encouraging evidence of the link between protein composition and freezing resilience, these 
proteins have yet to be identified or characterised via mass spectrometry. 
 
From the proteomes already identified, recent studies have begun the arduous task of 
screening individual seminal plasma proteins for their effect on sperm function during 
cryopreservation.  In the ram, two low molecular weight protein candidates are the Ram 
Seminal Vesicle Proteins, RSVP14 and 20, which are not only thought to protect sperm from 
cold shock when added prior to freezing but are also adsorbed onto the plasma membrane of 
thawed spermatozoa, modifying and restoring the membrane to states similar to that of fresh 
cells (Barrios et al. 2000; Barrios et al. 2005; Cardozo et al. 2008).  Another potential protein 
candidate, which could indirectly influence cryosurvival, is zinc-2-alpha glycoprotein (ZAG), 
a 43kDa glycoprotein.  This protein has been labelled as a forward motility activator through 
its involvement in the cAMP pathway (Ding et al. 2007; Qu et al. 2007).  In addition to its 
complex protein interactions with albumin and semenogelin fragments (Tomar et al. 2013), it 
has also been reported to regulate flagella movement (Schuh et al. 2006; Ding et al. 2007).  
As such, through modifying sperm motility, velocity or even enhancing mucus penetration, 
this protein could play a role in improving freezing resilience.  Recently, ZAG was shown to 
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have a biphasic effect on ram spermatozoa during liquid storage at 15°C with an initial 
increase in motility (0 hours) followed by a decrease after 24 hours of storage (Soleilhavoup 
et al. 2014). Little is known of the effect of ZAG in the cryopreservation process.   
 
A considerable amount of research has focused on the role of individual proteins, particularly 
from seminal plasma, with the aim of identifying them as markers of sperm function.  The 
development of robust proteomic markers could be used to improve the efficiency and 
success of breeding programs by enabling the screening of individual males for fertility and 
freezing resilience traits.  Proteins known to influence semen quality positively or negatively 
could then be supplemented, modified or even removed to increase the success of assisted 
reproductive technologies.   
 
The following study was conducted to (1) quantitate the proteomic differences between 
seminal plasma from rams with spermatozoa that displayed high or low resilience to freezing, 
while also attempting to use these differences to describe the freezing resilience of a wider 
population of rams and (2) investigate whether freezing resilience could be altered by varying 
the concentration of ZAG protein to which spermatozoa were exposed. 
 
7.3. MATERIALS AND METHODS 
 
7.3.1. Chemicals 
Unless otherwise stated all chemicals were supplied by Sigma-Aldrich (St Louis, MO, USA).  
Primary antibodies directed against the following peptides were purchased from Santa Cruz 
Biotechnologies (Santa Cruz, California, USA): zinc-2-alpha glycoprotein (ZAG; 1/400, v/v; 
sc-11358), alpha enolase (1/500, v/v; sc-15343), sorbitol dehydrogenase (1/400, v/v; sc-
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377200), TCP-1 complex (Zeta; 1/400, v/v; sc-271734) and 26S Proteasome (1/100, v/v; sc-
73488). 
 
The secondary antibody used for primary rabbit antibodies, was goat anti rabbit horseradish 
peroxidase (1/5000, A6154) purchased from Sigma Aldrich (Lyon, France).  The secondary 
antibody used for primary mouse antibodies, was goat anti mouse horseradish peroxidase 
(1/5000, 172-1011) purchased from Biorad (Hercules, USA). 
 
The chemiluminescent, horse radish peroxidase substrate was SuperSignal West Pico and 
West Femto Substrate (Thermo Scientific, Rockford, USA).   
 
Recombinant human zinc alpha glycoprotein (4764-ZA) was purchased from R&D Systems 
(Minneapolis, MN, USA).  
 
7.3.2. Semen collection and preparation of seminal plasma 
Ejaculates (n=3/ram) were collected by artificial vagina (May-June 2012) from rams 
previously identified to have spermatozoa with high (HSP; n=3) or low (LSP; n=3) resilience 
to freezing.  Semen was collected from 17 rams, their spermatozoa were frozen and motility 
assessed prior to freezing and at 0, 2 and 4 hours post thaw.  Freezing resilience was 
categorised based on the size of difference between both their pre-freeze and post-thaw 
motility.  Rams which recorded a small difference in pre freeze and post-thaw hour motility 
were determined to have high freezing resilience, whereas rams which recorded a large pre-
freeze to post-thaw difference were determined to have a low freezing resilience.  Ejaculates 
were only accepted for study with a wave motion score of 3 or more and a thick and creamy 
appearance, free of blood and urine contamination.  Ejaculates from HSP and LSP rams were 
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then centrifuged at 16000 x g for 30 min, seminal plasma collected and spun again (16000xg, 
30 min) to remove any remaining sperm and cell debris.  The seminal plasma was then 
pooled between ejaculates of each ram and frozen at -80°C until needed.  Prior to use, pooled 
samples were thawed on ice and vortexed.  Seminal plasma from the wider populations of 
rams (n=17) was also collected, prepared and stored in the same way, ready for later 
experiments.   
 
Seminal plasma to be used in the functional assessment of ZAG was collected as described 
above.  Ejaculates (n=3) from mature Merino rams (n=3), housed at the University of 
Sydney, Camperdown campus, Australia, were collected via artificial vagina.  The seminal 
plasma was then pooled between rams and frozen at -80°C until needed.  Prior to use, pooled 
samples were thawed on ice and vortexed. 
 
7.3.3. Quantitative Mass spectrometry Analysis of HSP and LSP 
7.3.3.1. 1D-SDS PAGE 
The protein concentration of seminal plasma from all rams were determined using a Pierce 
bicinchoninic acid assay (BCA; Thermo Fisher Scientific, Rockford, USA).  SDS-PAGE 
electrophoresis was carried out according to Laemmli’s method (Laemmli 1970).  For 
quantitative-MS based analysis (spectral counting), 20 µg of HSP (n=3 rams) and LSP (n=3 
rams) seminal plasma was deposited in individual lanes on a 10% SDS acrylamide gel (6cm x 
4cm) and migrated for 30 min at 50V without fractionation (1 band).  Each ram was 
replicated three times.  For immunohistochemical validation of proteins identified by mass 
spectrometry, 15µg of seminal plasma from each HSP and LSP ram were deposited in 
individual lanes on an 8-16% gradient SDS acrylamide gel (6cm x 4cm) and migrated for 60 
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min at 180V. Each ram was replicated three times and a Precision Plus Protein Standard (Bio-
Rad, Hercules, USA) used to estimate molecular weight.   
 
7.3.3.2. Western Blotting 
Semidry transfer of proteins were performed over 1.15 hours at 100V, 300mAmps.  The 
membrane was then stained briefly with red ponceau solution (Sigma-Aldrich) to confirm 
successful transfer of protein.  The western blots were then blocked with TBS-Tween 20 
(0.5%, w/v), supplemented with lyophilised low-fat milk (5%; w/v; Régilait; Brest Cedex, 
France) for 1 hour with agitation at room temperature.  Membranes were incubated with 
primary rabbit polyclonal antibodies directed against proteins of interest (sorbitol 
dehydrogenase, TCP-1α, 26S Proteasome, alpha enolase, ZAG), identified during mass 
spectrometry, under mild agitation for 1.5 hours at 37°C or overnight at 4°C.  The membrane 
was rinsed with deionised water before being incubated with the secondary antibody under 
mild agitation for 1 hour at 37°C or overnight at 4°C.  The peroxidase was revealed with 
chemoluminescent substrates (SuperSignal West Pico and West Femto Substrate; Thermo 
Scientific) and the image recorded on film or digitized using a cooled CCD camera.  Western 
blots were replicated three times and no reaction was observed with the secondary antibodies 
alone. 
 
Densitometric quantification of the signal was performed with an ImageScanner (GE 
Healthcare, Orsay, France) and analysed with TotalLab software (Newcastle upon Tyne, 
UK).  Densitometry unit of sample volume were standardised against a control made up of 
equal proportions of HSP and LSP sample. 
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7.3.3.3. In-gel digestion 
Following gel migration, each lane was excised and washed separately in a 1:1 water: 
acetonitrile solution for 5 mins followed by a second wash in 100 % acetonitrile for 10 mins.  
Cysteine reduction was performed by incubating gel slices in 10 mM dithiothreitol in 50 mM 
NH4HCO3 for 30 mins at 56°C.  Alkylation was achieved using a 55 mM iodoacetamide 
solution in 50 mM NH4HCO3 solution for 20 mins at room temperature in the dark. Gel slices 
were further washed in 50 mM NH4HCO3: acetonitrile (1:1) for 10 mins followed by a 
second wash in acetonitrile for 15 mins. Proteins were digested overnight in 25 mM 
NH4HCO3 with 12.5 ng/µl trypsin (Sequencing Grade, Roche, Paris.  To extract the resulting 
peptides, gel slices were then incubated in 0.1 % formic acid and 100 % acetonitrile (1:1) for 
10 mins and the peptide solution collected.  A second extraction followed incubating gel 
slices in 100 % acetonitrile for 5 mins.  Peptides extractions were pooled and dried in a 
Speed-Vac, reconstituted with 30 µL of 0.1 % formic acid, 2 % acetonitrile, and vortexed for 
10 mins. 
 
7.3.3.4. nanoLC-MS/MS 
Peptide samples were analysed by on-line nanoflow liquid chromatography tandem mass 
spectrometry (nanoLC-MS/MS). All experiments were performed on a dual linear ion trap 
Fourier Transform Mass Spectrometer (FT-MS) LTQ Orbitrap Velos (Thermo Scientific, 
Bremen, Germany) coupled to an Ultimate® 3000 RSLC Ultra High Pressure Liquid 
Chromatographer (Dionex, Amsterdam, The Netherlands)). Samples (5µl) were injected on 
an LCPackings trap column (Acclaim PepMap 100 C18, 100 µm inner diameter x 2cm long, 
3µm particles, 100Å pores), exposed to a mobile phase [(A) 0.1% formic acid, 97.9 % water, 
2% acetonitrile (v/v/v) and (B) 0.1% formic acid, 15.9 % water, 84% acetonitrile (v/v/v)] and 
separated using a LC Packings nano-column (Acclaim PepMap C18, 75µm inner diameter x 
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50 cm long, 3 µm particles, 100Å pores).  The separation gradient (set at a nanoflow rate of 
300 nl/min) was as follows; (1) 4-55% B for 90 mins, (2) 55 to 99% B for 1 min, (3) constant 
99% B 20 mins and (4) return to 4 % B in 1 min.  The eluate was ionised using a Thermo 
Finnigan Nanospray Ion Source 1 with a SilicaTip emitter of 15 µm inner diameter (New 
Objective, Woburn, MA, USA) and standard mass spectrometric conditions applied (voltage 
1.2 kV, no sheath and auxiliary gas flow; 275 °C heated capillary temperature; enabled 
predictive automatic gain control (AGC) and 60% S-lens RF). 
 
Data were acquired using Xcalibur software (v 2.1; Thermo Fisher Scientific, San Jose, CA). 
The LTQ Orbitrap Velos instrument was operated in positive mode in data-dependent mode 
to automatically switch between high resolution full scan MS spectra collected in profile 
mode and low-resolution CID-MS/MS (in the dual linear ion trap analyser) in centroid mode. 
Resolution in the Orbitrap was set to R = 60 000. In the scan range of m/z 300-1800, the most 
intense peptide ions with greater than 2 charge states were sequentially isolated (isolation 
width, 2 m/z; 1 microscan) and fragmented in the high-pressure linear ion trap by low-energy 
CID. Ion selection threshold was 500 counts for MS/MS, and the maximum allowed ion 
accumulation times were 200 ms for full scans and 50 ms for CID- MS/MS measurements in 
the LTQ. The resulting fragment ions were scanned out in the low-pressure ion trap at the 
“normal scan rate”.  An activation q = 0.25 and activation time of 10 ms were used. Dynamic 
exclusion was active during 30 s with a repeat count of 1. The lock mass was enabled for 
accurate mass measurements. Polydimethylcyclosiloxane (m/z, 445.1200025, (Si (CH3)2O)6) 
ions were used for internal recalibration of the mass spectra.  
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7.3.3.5. Protein identification and data validation 
In order to identify proteins, raw data files were converted to MGF with Proteome Discoverer 
software (v.1.2; Thermo Fischer Scientific). Peak lists were generated using a precursor mass 
range of 350-5000 Da and a signal to noise ratio of 1.5.  The peptide and fragment masses 
obtained were matched automatically against the NCBInr_140513 database (selected for 
Mammalia, 1426555 entries). MS/MS ion searches were performed using MASCOT Daemon 
and search engine (v 2.3; Matrix, Science, London, UK). Database searches were set with the 
following parameters; trypsin as a protease, which allowed two missed cleavages, 
carbamidomethylcysteine (+57 Da), oxidation of methionine (+16) and N-terminal protein 
acetylation (+42) as variable modifications. The tolerance of the ions was set to 5 ppm for 
parent and 0.8 Da for fragment ion matches. Mascot results obtained from the target and 
decoy databases searches were incorporated into Scaffold 3 software (v 3.6, Proteome 
Software, Portland, USA). Peptide identifications were accepted if they could be established 
at greater than 95.0% probability as specified by the Peptide Prophet algorithm (Keller et al. 
2002).  Peptides were considered distinct if they differed in sequence. Protein identifications 
were accepted if they could be established at greater than 95.0% probability as specified by 
the Protein Prophet algorithm and contained at least two identified peptides.  Identified 
proteins were matched to UniprotKB entries (www.uniprot.org) by direct accession number 
comparison or by high homology to human, bovine or mouse sequences (above 70% 
sequence match).  
 
7.3.3.6. Label free protein quantification 
Scaffold 3 Q+ software was employed (v. 3.6, Proteome Software, Portland, USA) using 
spectral count quantitative module. Distinct proteins, which contained more than 2 peptides 
identified in nrNCBI database with high confidence, were considered for protein 
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quantification. To eliminate quantitative ambiguity in protein groups, spectra matching 
peptides, which were shared across proteins, were ignored.  The expression of each protein in 
each ram was used to calculate the average protein expression in HSP and LSP.  A relative 
ratio of difference was calculated dividing the HSP average by LSP average.  Proteins which 
had ratios greater than 1.5, were classified as being abundant in HSP.  Similarly, proteins 
which had ratios (LSP/HSP) greater than 1.5, were classified as being abundant in LSP. 
 
7.3.3.7. Gene ontology and biological processes 
The proteins found to be over expressed or up-regulated in the seminal plasma of HSP and 
LSP rams, were submitted to the Protein ANalysis THrough Evolutionary Relationships 
(PANTHER; v 9.0) web server, to further investigate the biologically processes or gene 
ontology functions (Mi et al. 2013).  A statistical over-representation test was conducted in 
PANTHER to identify significantly up regulated biological processes (Thomas et al. 2006) in 
each seminal plasma phenotype.  For all analyses, the conservative default settings were used. 
 
7.3.4. The effect of zag the function of epididymal ram spermatozoa 
7.3.4.1. Collection of epididymal spermatozoa 
Testes (n=9) from mature Merino rams were obtained at slaughter from Southern Meats 
abattoir (Goulburn, NSW) and transported at 5°C to the University of Sydney (Camperdown, 
NSW).  Epididymal spermatozoa (EP) were collected via microperfusion (Dacheux 1980) 
using a warmed (37°C) tris-citrate-fructose solution.  Sperm concentration was determined 
using a haemocytometer as described by Evans and Maxwell (1987).   
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7.3.4.2. Incubation of epididymal spermatozoa with zinc-2-alpha glycoprotein 
Epididymal samples were divided into five treatments/ram and resuspended to a 
concentration of 800×106 spermatozoa/mL with tris-citrate-fructose diluent (Evans and 
Maxwell 1987) supplemented with 0.3% BSA (Sigma-Aldrich).  All samples were then 
further diluted (1:1) to 400×106 spermatozoa/mL with a tris-citrate-fructose diluent 
supplemented with 0, 0.1, 1, 10 µg/mL recombinant ZAG (R&D systems, Mineapolis, USA) 
or 10% seminal plasma (collected and pooled from 3 mature Merino rams).  Spermatozoa 
exposed to 0 µg/mL ZAG, were instead supplemented with 0.3 % BSA, which acted as the 
experimental control.  An aliquot of each treatment (15/rep) was then diluted to 50×106 
spermatozoa/mL with a complete TALP diluent (Parrish et al. 1988) containing 100 mM 
NaCl, 3.1 mM KCL, 25mM NaHC03, 0.3mM NaH2P04, 21.6 mM Na lactate, 2 mM CaCl2, 
0.4mM MgCL2, 10mM Hepes, 1 mM Na pyruvate and 5 mM glucose supplemented with 
0.3% BSA (Sigma-Aldrich) and maintained at 37°C for 6 hours.  A further aliquot was taken 
at 0, 3 and 6 hours and diluted (1:1) to 25×106 spermatozoa/mL with TALP for assessment.  
The entire experiment was replicated three times. 
 
7.3.4.3. Cryopreservation of spermatozoa 
The remaining sample volume per treatment was diluted (1:4) to 100×106 spermatozoa/mL 
with a tris-citrate-glucose cryodiluent (15% egg yolk, 5% glycerol [v/v] (Evans and Maxwell 
1987).  Samples were then chilled to 5°C over 2 hours and frozen via the straw method 
(Evans and Maxwell 1987).  Briefly, 200 µL of sample was loaded into pre-chilled straws 
(0.25mL; IMV, L’Aigle Cedex, France) and sealed with polyvinyl chloride (PVC) powder. 
Straws were randomly loaded onto a pre-cooled freezing rack before exposure to liquid 
nitrogen vapour 6 cm above the liquid nitrogen surface for 6 min.  All straws were then 
submerged in liquid nitrogen and stored until assessment.   
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All straws were thawed in a 37 °C water bath for 30 s with agitation.  Samples were 
immediately diluted (1:1) to 50×106 spermatozoa/mL with TALP and maintained at 37°C 
over a 6 hour incubation period.  Aliquots were taken at 0, 3 and 6 hours post thaw and 
further diluted (1:1) to 25×106 spermatozoa/mL with TALP for assessment.  Data collected at 
0 hours prior to freezing was used as the pre freeze time point for comparison. 
 
7.3.4.4. Assessment of sperm parameters 
Samples were assessed for motility, viability, acrosome integrity (prior to freezing only), 
mitochondrial respiration and ability to penetrate cervical mucus at 12.5×106 
spermatozoa/mL 
 
Motility was assessed using computer assisted sperm analysis (HT CASA IVOS II; Animal 
Breeder; v.1.4; Hamilton-Thorne, Beverly, MA, USA). Motility and kinematic characteristics 
including progressive motility, average path velocity (VAP), straight line velocity (VSL), 
curvilinear velocity (VCL), amplitude of lateral head displacement (ALH), beat cross 
frequency (BCF), straightness (STR) and linearity (LIN) were determined by assessment of 
several microscopic fields (200-300 cells/sample) using factory CASA (ram) settings. 
 
The mitochondrial membrane potential of spermatozoa during incubation at 37°C was 
assessed by staining spermatozoa with the mitochondrial probe 5,5’, 6,6’-tetra-chloro-1, 1’, 3, 
3’-tetraethylbenzimidazolyl-carbocyanine iodide (JC-1; final concentration 4 ng/mL: 
Molecular Probes, USA).  Following an incubation of 10-15 min at 37°C, spermatozoa were 
viewed under an Olympus BHS fluorescent microscope (200 x magnification, 200 cells/view) 
comprising a 520 – 550 nm band pass filter and a supplementary 515 nm exciter filter.  
Emissions were observed through a 565 nm dichroic mirror with an additional 610 nm barrier 
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filter (Garner and Thomas 1999).  Propidium iodide (PI; final concentration 19µM)  was 
included during assessment of samples post thaw to distinguish between live/dead.  The 
number of spermatozoa seen with fluorescent orange mid pieces (aggregates) were 
considered to have high membrane potential while spermatozoa exhibiting green fluorescence 
(monomers) were of low membrane potential.   
 
Sperm viability and acrosome integrity during assessment of samples prior to freezing, were 
assessed by staining spermatozoa with propidium iodide (PI; final concentration 12 µM: 
Sigma-Aldrich) and fluorescein-conjugated peanut agglutinin (FITC-PNA; final 
concentration 0.4 mg/mL; Sigma-Aldrich).  Samples were analysed using a BD Accuri C6 
flow cytometer (Becton Dickinson Accuri Cytometers, Ann Arbor, MI, USA) equipped with 
an argon ion laser (488 nm, 15 mW) for excitation. Acquisitions were made on a total of 
approximately 10 000 gated events using BD Accuri C6 software (Becton Dickinson Accuri 
Cytometers, Ann Arbor, MI, USA).   The cells were classified as: viable acrosome intact cells 
(PI- PNA-); viable acrosome non-intact cells (PI- PNA+); non-viable acrosome intact cells 
(PI+PNA-) or non-viable non-intact acrosome cells (PI+ PNA+). 
 
The ability of spermatozoa to migrate through artificial cervical mucus [10 mg/mL MAP-5 
sodium hyaluronate (Bioniche Australasia, Armidale, NSW, Australia) diluted with 33% 
TALP containing 1% w/v BSA (Sigma–Aldrich)], was assessed using a cervical migration 
test (Kremer 1965).  Artificial cervical mucus was slowly warmed to 37°C and loaded into 
glass capillary tubes (0.3 x 0.3 x 100mm; Microslides, Mountain Lakes, USA).  Spermatozoa 
were incubated with a DNA-specific stain for 10 min (final working concentration 40µg/µl; 
IDENT; Hamilton Thorne, Beverly, USA) at 37°C then transferred to a polyethylene capsule 
(BEEM; ProSciTech, Thuringawa, Australia).  The mucus-filled capillary tube was sealed at 
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one end with CristaSeal (Hawksley, London, UK), immersed in the stained sperm sample and 
co-incubated for 1 hour at 37°C.  Following incubation, the distance reached by the furthest 
spermatozoon (vanguard distance) was recorded under an Olympus BHS fluorescent 
microscope (400 x magnification) comprising a 270– 380 nm band pass filter. Emissions 
were observed through a 380 nm dichroic mirror (Richardson et al. 2011). 
  
7.3.4.5. Statistical Analysis 
Data collected during the assessment of ZAG on sperm function were analysed using a 
restricted maximum likelihood model (REML) in Genstat (V 15, VSN International, Hemel 
Hempstead, UK).  Repetition (n=3), ram (n=3) and treatment (0.3 % BSA, 0.1 µg/mL, 1 
µg/mL, 10 µg/mL ZAG and 10% SP) were specified as random effects, while the time of 
assessment (PF, 0, 3 or 6 hours) and treatment (as above) were specified as fixed effects.   
Means were reported with ± standard error of the mean and P<0.05 was considered 
statistically significant.  Differences were determined by least significant differences. 
  
7.3.5. Investigation of proteins of interest as potential markers of freezing resilience 
Seminal plasma samples collected from a wider population of rams (n=17) were separated via 
1D SDS PAGE and blotted with proteins of interest (sorbitol dehydrogenase, TCP-1α, 26S 
proteasome, alpha enolase and ZAG) identified during mass spectrometry, as described above 
(n=3 reps).  Densitometric quantification of the signal was performed with an ImageScanner 
(GE Healthcare) and analysed with TotalLab software.  A two-tailed, paired t-test was 
conducted on the five rams that recorded the highest and lowest expression of each protein.  
Correlations between the expression of proteins and freezing resilience of individual rams 
(motility prior to freezing minus motility at 0 hours post thaw) were conducted in Genstat (V 
15, VSN International, Hemel Hempstead, UK) and graphed in Microsoft Excel (V 12.3.6). 
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7.4. RESULTS 
 
7.4.1. Proteome comparison of HSP and LSP 
A total of 362 proteins were identified in the seminal plasma of rams previously identified to 
have either high (HSP) or low (LSP) resilience to cryopreservation (Supplementary file 7.1).  
Several well-known ram seminal plasma proteins were identified, such as binder of sperm 
protein 1 and 5 and the spermadhesin, bodhesin.  From this list, 58 proteins were identified as 
being over expressed in the seminal plasma of HSP rams (ratio HSP/LSP>1.5; P<0.05) while 
41 were over expressed in the seminal plasma of LSP (LSP/HSP>1.5; P<0.05; Table 7.1 and 
Supplementary file 7.2).  Furthermore, using PANTHER, it was revealed that the functions of 
proteins more abundant in HSP contributed to the significant up regulation of biological 
processes such as protein complex biogenesis, assembly and folding, cellular component 
organisation and biogenesis, metabolism and proteolysis.  In comparison, the proteins over 
expressed in LSP contributed to the significant up regulation of proteolysis only (Table 7.2).  
Proteins were selected for further quantification and validation by western blot, based on their 
previously reported association with sperm physiology.  As such, sorbitol dehydrogenase, 
26S proteasome and T-complex protein were selected from the seminal plasma of HSP rams 
and alpha enolase and ZAG were selected from the seminal plasma of LSP rams (Table 7.3).  
Staining western blot transfers with red ponceau revealed successful transfer of proteins, 
clear definition of bands and equal dissolution of protein in each sample (data not shown).  
Western blotting and densitometry analysis confirmed the relative over expression of the 
above listed proteins in respective seminal plasmas (Table 7.4). 
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Table 7.1: Proteins identified to be abundant in the seminal plasma of rams with high 
(HSP; HSP/LSP>1.5) or low (LSP; LSP/HSP>1.5) resilience to freezing. 
Protein name Gene name 
Proteins abundant in HSP seminal plasma  
phosphoglycerate kinase 1 PGK1 
26S protease regulatory subunit 6A PSMC3 
26S protease regulatory subunit 7 isoform 1 PSMC2 
Tubulin-specific chaperone D  TBCD 
Heat shock 70 kDa protein 4 HSPA4L 
Rab GDP dissociation inhibitor alpha GDI1 
26S protease regulatory subunit 6B isoform 1 PSMC4 
26S protease regulatory subunit 8 PSMC5 
Alpha isoform of regulatory subunit A, protein phosphatase 2 PPP2R1A 
Exportin-7 XPO7 
Ubiquity carboxyl-terminal hydrolase 7 USP7 
26S proteasome non-ATPase regulatory subunit 14 PSMD14 
Ubiquitin-like modifier-activating enzyme 6 UBA6 
Peptidyl-prolyl cis-trans isomerase FKBP4 FKBP4 
26S proteasome non-ATPase regulatory subunit 7 PSMD7 
26S proteasome non-ATPase regulatory subunit 3 PSMD3 
Large proline-rich protein BAG6 isoform 1 BAG6 
T-complex protein 1 subunit zeta-2 isoform 1 CCT6B 
Hormone-sensitive lipase variant B LIPE 
GDP-L-fucose synthase TSTA3 
Prolyl endopeptidase, partial PREP 
Hemopexin HPX 
Proteasome activator complex subunit 4 PSMC1 
26S proteasome non-ATPase regulatory subunit 13 PSMD13 
EGF-containing fibulin-like extracellular matrix protein 1 EFEMP1 
Alpha-centractin ACTR1A 
Protein phosphatase 1 regulatory subunit 7 PPP1R7 
Calmin CLMN 
Vesicle-fusing ATPase NSF 
Ubiquitin carboxyl-terminal hydrolase isozyme L5 UCHL5  
26S proteasome non-ATPase regulatory subunit 11 PSMD11 
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HEAT repeat-containing protein 7B2 MROH2B 
26S protease regulatory subunit 10B PSMC6 
Small glutamine-rich tetratricopeptide repeat-containing protein alpha SGTA 
T-complex protein 1 subunit epsilon CCT5 
26S proteasome non-ATPase regulatory subunit 1 PSMD1 
Huntingtin-interacting protein 1 HIP1 
26S proteasome non-ATPase regulatory subunit 6 isoform 1 PSMC6 
26S proteasome non-ATPase regulatory subunit 2 PSMD2 
 T-complex protein 1 subunit zeta isoform 1 CCT6A 
Heat shock 70 kDa protein 4L HSPA4L 
Acylamino-acid-releasing enzyme APEH 
Maestro heat-like repeat-containing protein family member 1 MROH1 
Dipeptidyl peptidase 3 DPP3 
ATP-citrate synthase ACLY 
T-complex protein 1 subunit eta CCT7 
Calpain-11 CAPN11 
Clathrin heavy chain 1 CLTC 
Exportin-1 XPO1 
Kelch-like protein 10 isoform 1 KLHL10 
Retinal dehydrogenase 2 isoform 1 G6PD 
T-complex protein 1 subunit beta CCT2 
Tripeptidyl-peptidase 2 TPP2 
Galactokinase GALK1 
T-complex protein 1 subunit alpha CCT1 
Phosphoribosyl pyrophosphate synthase-associated protein 1 PRPSAP1 
Transitional endoplasmic reticulum ATPase VCP 
Beta-glucuronidase precursor GUSB 
Ubiquitin-like modifier-activating enzyme 1 isoform 1 UBA1 
T-complex protein 1 subunit delta  CCT4 
T-complex protein 1 subunit theta CCT8 
T-complex protein 1 subunit gamma isoform 2 CCT3 
Polyubiquitin UBB 
C-reactive protein-like  
Synaptic vesicle membrane protein VAT-1 homolog VAT1 
Betaine--homocysteine S-methyltransferase 1 BHMT 
Aldose reductase AKR1B1 
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Prostaglandin reductase 2 PTGR2 
Cullin-3 CUL3 
Heat shock 70 kDa protein 1-like HSPA1L 
Heat shock protein HSP 90-alpha HSP90 
Melanotransferrin MFI2  
Caltrin-like  
Sorbitol dehydrogenase SORD 
  
Proteins abundant in LSP seminal plasma  
Cathepsin B CTSB 
Cystatin C CST3 
72 kDa type IV collagenase precursor MMP2 
Cartilage acidic protein 1, partial  
Zinc-alpha-2-glycoprotein-like AZGP1 
Arylsulfatase A ARSA 
Extracellular matrix protein 1 isoform 1 ECM1 
Carbonic anhydrase 2 CA2 
Disintegrin and metalloproteinase domain-containing protein 32 ADAM32 
Polymeric immunoglobulin receptor isoform 1 PIGR 
UPF0764 protein C16orf89 homolog  
Cysteine-rich secretory protein 1 CRISP1 
Immunoglobulin alpha heavy chain IGHA1 
Hyaluronidase PH-20-like LOC101107188 
BPI fold-containing family A member  BPIFA 
Ephrin-A1 EFNA1 
Serine protease inhibitor Kazal-type 8 SPINK8 
Acrosin ACR 
Lysosomal Pro-X carboxypeptidase isoform 1 PRCP 
Proteasome subunit alpha type-1 PSMA1 
BPI fold-containing family B member 1 BPIFB1 
Alpha-enolase isoform 1 ENO1 
Cytochrome c CYC1 
Disintegrin and metalloproteinase domain-containing protein 20-like ADAM20 
Macrophage migration inhibitory factor MIF 
Alkaline phosphatase, tissue-nonspecific isozyme ALPL 
Ribonuclease 4 isoform 1 RNASE4 
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Pancreatic adenocarcinoma upregulated factor-like  
Cathepsin F isoform 1 CTSF 
Acrosin-binding protein ACRBP 
Neutral alpha-glucosidase AB GANAB 
Protein FAM3D FAM3D 
Putative phospholipase B-like 2 PLBD2 
Brain-specific serine protease 4 PRSS4 
Izumo sperm-egg fusion protein 4 IZUMO4 
Glyceraldehyde-3-phosphate dehydrogenase, testis-specific GAPDHS 
N (4)-(beta-N-acetylglucosaminyl)-L-asparaginase  
Zona pellucida-binding protein 1 ZPBP 
Membrane metallo-endopeptidase-like 1 MMEL1 
L-asparaginase ASRGL1 
Dynein light chain 2, cytoplasmic isoform 2  
Glutaminyl-peptide cyclotransferase precursor QPCT 
Angiogenin-2-like ANG2 
Sperm acrosome membrane-associated protein 3 SPACA3 
Sperm acrosomal protein FSA-ACR.1-like SPACA1 
Hypothetical protein M91_07822, partial  
Disintegrin and metalloproteinase domain-containing protein 28 ADAM28 
Anthrax toxin receptor-like protein, partial  
Uncharacterized protein C9orf9 homolog C9orf9 
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Table 7.2:  Biological processes significantly up regulated by genes abundant in HSP and LSP samples using PANTHER v.9.0. The 
analysis was performed against Homo sapiens 
Biological Process HSP P value LSP P value 
Protein complex biogenesis (GO:0070271) 8.77E-10 NS 
Protein complex assembly (GO:0006461) 8.77E-10 NS 
Protein folding (GO:0006457) 5.50E-09 NS 
Cellular component biogenesis (GO:0044085) 2.18E-08 NS 
Protein metabolic process (GO:0019538) 3.16E-07 NS 
Proteolysis (GO:0006508) 2.02E-05 1.23E-03 
Primary metabolic process (GO:0044238) 8.17E-03 NS 
Cellular component organization or biogenesis (GO:0071840) 3.85E-02 NS 
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Table 7.3: Proteins of interest identified by qualitative mass spectrometry (spectral counting) and validated via immunodetection. 
 
Table 7.4: Average expression of TCP-1α, 26S proteasome, sorbitol dehydrogenase, ZAG and alpha enolase in HSP and LSP ram 
seminal plasma, identified by western blot.  The densitometry unit of sample volume was standardised against a control containing equal 
amounts of both HSP and LSP. 
Protein name Gene name 
Accession 
number 
MW 
(kDa) 
HSP 
SPC 
LSP 
SPC 
HSP/LSP 
ratio 
LSP/HSP 
ratio 
26S proteasome non-ATPase regulatory subunit 13 PSMD13 gi|426252175 43 2.6 0.2 11.1  
T-complex protein 1 subunit zeta CCT1 gi|426235013 60 46.7 16.7 2.8  
Sorbitol dehydrogenase SORD gi|426233390 38 163.9 108.0 1.5  
Zinc-alpha-2-glycoprotein-like AZGP1 gi|426255398 38 26.1 50.8  1.9 
Alpha-enolase isoform 1 ENO1 gi|426239774 48 14.7 67.6  4.6 
Protein HSP ram average LSP ram average HSP/LSP ratio P value 
26S proteasome non-ATPase regulatory subunit13 49453216.43 415733.98 118.95 0.09 
T-complex protein 1 subunit zeta 54774109.01 62342.25 878.60 0.07 
Sorbitol dehydrogenase 3564333.12 2132407.55 1.67 0.03 
Zinc-alpha-2-glycoprotein-like 4001446.47 77990144.75 1.95 0.24 
Alpha-enolase isoform 1 629302.47 1017175.17 16.16 0.05 
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7.4.2. The effect of ZAG on the function of epididymal ram spermatozoa 
7.4.2.1. Motility 
The supplementation of epididymal spermatozoa with ZAG or seminal plasma had no effect 
on the total motility, progressive motility, or motility characteristics (VAP, VCL, VSL, LIN, 
BCF, STR or ALH) of spermatozoa when incubated at 37°C for 6 hours (data not shown). 
 
However, freezing and thawing epididymal spermatozoa in the presence of SP did influence 
motility.  Spermatozoa exposed to SP had significantly higher motility compared to the 
control or spermatozoa exposed to recombinant ZAG (0.1 and 10 µg/mL; P<0.05; Figure 
7.1a).  Despite ZAG not having any significant effect on the motility of spermatozoa post 
thaw, like SP, it did influence sperm velocity.  Spermatozoa exposed to ZAG (0.1 and 1 
µg/mL) and SP had higher VAP (Figure 7.1b) compared to the control (P<0.05).  
Spermatozoa exposed to ZAG (0.1 and 10 µg/mL) and SP also had higher VCL (Figure 7.1c) 
compared to the control (P<0.05).  In addition, spermatozoa exposed to SP had higher VSL 
(Figure 7.1d) and BCF (Figure 7.1e) than the control (P<0.05). 
  
7.4.2.2. Viability and Acrosome integrity 
The supplementation of epididymal spermatozoa with ZAG or seminal plasma had no effect 
on the percentage of viable, acrosome intact cells prior to freezing (P>0.05).  Post thaw, 
spermatozoa exposed to SP had significantly higher viability than the untreated control or 
spermatozoa exposed to varying concentrations of ZAG (P<0.05; Figure 7.1f). 
 
7.4.2.3. Mitochondrial membrane potential 
There was no significant effect of ZAG or SP on the percentage of cells with high 
mitochondrial membrane potential before or after freezing (P>0.05). 
192 
 
 
 
 
 
 
 
 
 
 
 
 
 
193 
Figure 7.1: Average motility percentage (a), average path velocity (b), curvilinear 
velocity (c), straight line velocity (d), BCF (e) determined by CASA, and viability 
determined by fluorescent microscopy of spermatozoa exposed to 0.3% BSA, 0.1 µg/mL 
ZAG, 1 µg/mL ZAG, 10 µg/mL ZAG and 10% SP during cryopreservation.   Data are 
actual means ± S.E.M pooled over time point.  Columns without common superscripts 
indicate a significant difference between treatments (P<0.05).  
 
7.4.2.4. Ability to penetrate cervical mucus  
Prior to freezing, spermatozoa exposed to SP recorded higher numbers of cells which reached 
1cm (Figure 7.2a) and their vanguard spermatozoa travelled a greater distance (Figure 7.2b) 
compared to control and ZAG treated spermatozoa (P<0.05).  The vanguard of spermatozoa 
exposed to 10 µg/mL of ZAG penetrated significantly further in artificial cervical mucus 
compared to spermatozoa exposed to 0.1 µg/mL ZAG (P<0.05; Figure 7.2b). 
 
When cells were assessed after freezing, the vanguard of spermatozoa exposed to SP 
penetrated significantly further than spermatozoa exposed to the control or ZAG (0.1 and 1 
µg/mL; P<0.05; Figure 7.2c). 
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Figure 7.2: The number of spermatozoa to reach 1cm in artificial cervical mucus prior 
to cryopreservation (a); distance reached by vanguard spermatozoon before (b) and 
after cryopreservation (c) following exposure to 0.3% BSA, 0.1 µg/mL ZAG, 1 µg/mL 
ZAG, 10 µg/mL ZAG and 10% SP.  Data is pooled over time point ± S.E.M.  Columns 
without common superscripts indicate a significant difference between treatments (P<0.05). 
 
7.4.3. Correlation of protein expression determined by western blot and freezing 
resilience in a wider population of rams 
When rams (n=17) were ranked based on the expression of protein (sorbitol dehydrogenase, 
26S proteasome, TCP-1ζ, alpha enolase and ZAG) in their seminal plasma, there was a 
significant difference in the amount of protein expressed between the rams that recorded the 
highest expression compared to the rams that recorded the lowest expression (P=0.003, 
P=0.01, P=0.05, P=0.03, P=0.008 respectively; data not shown).  However, correlations 
between the protein expression and freezing resilience of all rams, were found to be weak and 
non significant (P>0.05; Figure 7.3). 
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Figure 7.3: Correlations between the protein expression of sorbitol dehydrogenase (a), 
26S proteasome (b), TCP-1 (c), ZAG (d), Alpha enolase (e) and the freezing resilience of 
a wider population of rams (n=17).  Protein volume was determined by western blotting 
and densitometry.  Freezing resilience was determined by the difference in motility recorded 
prior to freezing and immediately post thaw.  Correlation figures and R2 coefficients were 
conducted in Microsoft Excel (V 12.3.6) and significance was conducted in Genstat (V 15, 
VSN International, Hemel Hempstead, UK). 
 
7.5. DISCUSSION 
 
To the best of our knowledge, this is the first study to utilise label free quantitative mass 
spectrometry to comparatively assess the abundance of proteins in the seminal plasma of 
males of any species identified to have spermatozoa with high (HSP) or low (LSP) resilience 
to freezing.   
 
The current study identified distinct differences in the proteome of seminal plasma from rams 
of varying freezing resilience.  Of the proteins identified, 58 were found to be more abundant 
in HSP and thus suggested a positive association with freezing resilience.  Similarly, 41 
proteins were found to be more abundant in LSP, suggesting a negative association with 
freezing resilience.  Interestingly, the majority of the proteins identified as being abundant in 
HSP were found to be of sperm origin.  A similar result was reported by Soleilhavoup et al. 
(2014), who found that several of the proteins abundant in seminal plasma from rams with 
superior liquid preservation ability, originated from spermatozoa rather than the accessory 
sex glands.  While considerable research in the world today is focused upon identifying a 
marker of fertility, sperm function or freezing resilience, secreted specifically from the 
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accessory sex glands, the importance of these seminal plasma proteins originating from 
spermatozoa should not be overlooked.  The presence of proteins such as sorbitol 
dehydrogenase, heat shock proteins and T complexes could still indicate high freezing 
resilience, perhaps based on more efficient basic cellular function.  This was highlighted in 
the current study as the proteins identified in HSP resulted in the significant up regulation of 
biological processes such as metabolism, proteolysis and cellular biogenesis or organsiation.     
This could indicate that specific proteins, which are exposed to spermatozoa during 
spermatogenesis or epididymal maturation are important for reproductive technologies in 
vitro and that freezing resilience may be influenced by inherent characteristics of the sperm 
cell such as improved metabolism, in addition to the seminal plasma proteins thought to 
increase cryo-tolerance.  Subsequently, examining the proteomic profile of “pure” seminal 
plasma from vasectomised rams and comparing it to those proteins found on the membrane of 
epididymal spermatozoa could indeed help identify the origin of individual proteins 
associated with improved freezing resilience.      
 
Of the sperm related proteins to be abundant in HSP, many have been previously associated 
with sperm physiology or function.  Sorbitol dehydrogenase (SORD) is known to oxidize 
sorbitol to fructose, for use in sperm metabolism and energy processes (King and Mann 
1958).  Sorbitol is formed from the reduction of glucose by aldose reductase (Kinoshita and 
Nishimura 1988), a protein which was also identified in the current study to be over  
expressed in HSP.  Studies in mice (Cao et al. 2009) and pigs (Pruneda et al. 2006), 
identified SORD at different stages of epidiymal maturation, in particular on the flagella and 
membrane of the sperm as well as in the epididymal epithelium, respectively. In this sense, 
rams with HSP could have superior motility post thaw because they are able to benefit from 
the presence of the additional SORD hence mobilise and use energy stores like sorbitol and 
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fructose more efficiently.  Although poor correlations were noted with the expression of 
SORD and freezing resilience, perhaps its function is a balance between the expression of 
aldose reductase and hence the production of sorbitol. Other proteins found to be abundant in 
HSP were part of the complexes, 26S proteasome and TCP-1.  The 26S proteasome 
specifically binds to ubiquitin tagged proteins.  It is found located on the acrosomal segment 
of the membrane and in the neck region near the centrioles (Wojcik et al. 2000) and is 
thought to target and manage the degradation of sperm receptors on the zona pellucida 
(Sutovsky 2011), therefore being involved in the acrosome and capacitation reaction 
(Sutovsky 2011; Zimmerman et al. 2011).  A study in human spermatozoa found a positive 
correlation of proteasome activity with sperm motility, which suggests that observed 
differences in the abundance of these proteasomes, like those noted between HSP and LSP in 
the current study, could stem from defects related to spermatogenesis or epididymal 
maturation (Rosales et al. 2010).  The eukaryotic cytosolic chaperonin containing TCP-1 is 
thought to assist or chaperon other proteins, like tubulin and actin during post translation 
modifications and interactions (Llorca et al. 1999; Brackley and Grantham 2009).  The 
successful interaction of the cytoskeletal and structural proteins tubulin and actin with the 
sperm membrane of HSP spermatozoa could further improve the integrity and stability of the 
plasma membrane (Brackley and Grantham 2009), ultimately influencing the ability of the 
cell to cope with lethal tonicity and fluid changes associated with cryopreservation (Watson 
1995). 
 
Like the proteins identified in HSP, several of the proteins identified in LSP have also been 
linked to sperm physiology. Alpha enolase is known for its catalysing abilities and 
contributions to the glycolysis energy pathway (Babbitt et al. 1996).  It is also found localised 
in cytoplasmic bodies attached to elongating or maturing spermatids (Gitlits et al. 2000).  
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During normal epididymal maturation, these cytoplasmic droplets or bodies are shed 
(Bedford 1979) but retained cytoplasmic droplets normally infer abnormal morphology and 
therefore higher levels of alpha enolase (Force et al. 2002).  It is for this reason that 
considerable research has been conducted on the possibility of using alpha enolase as a 
marker of sperm function, particularly in humans.  The higher presence of alpha enolase in 
the current study might therefore indicate poor morphology and sperm function, which 
contributes to poor freezing resilience.  ZAG has also previously been identified in 
mammalian seminal plasma (Druart et al. 2013).  It has been examined for its individual role 
on sperm function in humans (Ding et al. 2007; Qu et al. 2007; Hassan et al. 2008; Liu et al. 
2012) and very recently in sheep (Soleilhavoup et al. 2014). 
 
In contrast to previous studies, under the conditions of the current experiment, ZAG (at any 
concentration) failed to illicit a response on sperm function prior to freezing.  However, post 
thaw, it had a small but significant effect on sperm velocity.  In human spermatozoa, ZAG 
has been found localized on the pre-equatorial region including the acrosome, neck and 
middle piece of the flagellum (Qu et al. 2007).  It could be hypothesized that the increased 
velocity noted in the current study could be due to specific interactions related to the 
flagellum machinery of spermatozoa.  Therefore, it could be of interest to further investigate 
the molecular and biochemical interactions of ZAG with certain regions of the sperm 
membrane.  Nevertheless, these results generally differ to those of Soleilhavoup et al. (2014) 
who despite using the same recombinant ZAG product (R&D systems) and experimental 
concentrations, showed improved motility with increasing levels of ZAG when treated prior 
to liquid preservation (0 hours).  Moreover, following liquid preservation, motility was 
significantly reduced following ZAG supplementation.  The results reported by Soleilhavoup 
et al. (2014) prior to liquid preservation agree with previous studies in humans (Schuh et al. 
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2006; Ding et al. 2007; Tomar et al. 2013), which describe ZAG as a forward motility sperm 
activator.   
 
Possible reasons for the noted differences in the effect of ZAG between the current study and 
Soleilhavoup et al. (2014) include the influence of sperm type and storage method.  In the 
current study, epididymal spermatozoa were used to investigate the role of ZAG on a more 
naïve sperm state (i.e. spermatozoa that had not previously been exposed to any seminal 
plasma fluid or existing ZAG protein), unlike that of the spermatozoa used by Soleilhavoup 
et al. (2014) which was ejaculated.  While washing semen is efficient in removing the 
majority of seminal plasma, it is widely acknowledged that this technique does not remove 
membrane-bound glycoproteins (Levay et al. 1995), like ZAG.  So it is possible that 
additional ZAG, present in the seminal plasma exposed to spermatozoa during ejaculation, 
could have contributed to the noted beneficial effect observed prior to liquid storage 
(Soleilhavoup et al. 2014).  More importantly perhaps, the structural, biochemical and even 
proteomic compositional differences known between the membrane of epididymal and 
ejaculated spermatozoa (Chang 1951; Gadella and Luna 2014) could have modified the 
ability of spermatozoa to recognise and bind with recombinant ZAG.  In addition, the sub-
lethal effects of cryopreservation and thawing (Watson 1995) could have altered the influence 
of ZAG on spermatozoa.  Of the previous studies on the effect of ZAG in human 
spermatozoa, many examined spermatozoa in medium at 37°C, rather than during cryo-stress, 
let alone on epididymal spermatozoa.  Perhaps to further confirm the varied effects of ZAG 
noted in the above studies, research could focus on investigating the effect of ZAG on 
different sperm types, diluents, and preservation methods in the one comprehensive study.   
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One of the most obvious effects noted in the current study was the strong effect of seminal 
plasma, specifically on the ability of spermatozoa to penetrate artificial cervical mucus.  
When spermatozoa were assessed prior to freezing, seminal plasma recorded the highest 
number of cells at 1cm and the furthest vanguard distance compared to spermatozoa exposed 
to ZAG or BSA.  Similarly post thaw, spermatozoa exposed to seminal plasma recorded the 
furthest vanguard distance compared to the control, while also having the highest viability of 
cells.  These results suggest that this beneficial effect might not be related to the presence or 
varying abundance of ZAG, given that spermatozoa exposed to ZAG often recorded similar 
sperm parameters to that of the control.  Therefore, under the conditions of the current 
experiment, it would seem that some other protein (or combination of proteins) within 
seminal plasma is responsible for the improved viability and migration through cervical 
mucus.   
 
The poor correlations recorded between individual male freezing resilience and protein 
expression demonstrates that freezing resilience is not well described by a single protein.  
While it is acknowledged that TCP-1 and 26S proteasome recorded poor correlations with 
freezing resilience, the authors are of the belief that this might not be a true representation of 
its function as only one small component (TCP-1α) was examined.  A number of studies 
investigating the chaperon complex TCP-1 assessed its function in combination with other 
subunits or proteins.  For example, a study by Dun et al. (2011) examined the interaction of 
several TCP-1 sub-units (CCT2, CCT6A and CCT8) and zona pellucida binding protein 1 on 
the membrane of capacitated sperm in an effort to explain the process of zona pellucida 
binding and molecular fertilisation.  In a similar way, perhaps by incorporating other proteins 
known to interact with TCP-1 into sperm functional analysis, a greater correlation or effect 
on sperm function would be observed.  The Search Tool for the Retrieval of Interacting 
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Genes/Proteins (STRING) database of physical and functional interactions, v 9.1 
(Franceschini et al. 2013), identified TCP-1α (CCT1) to be associated with protein 
phosphatase, calmodulin binding protein, serine protein kinase 3 and heat shock proteins.  
Interestingly, protein phosphatase 1 and several heat shock proteins were identified in the 
current study to be abundant in HSP along with TCP-1 zeta.  Further studies could investigate 
the effect of these proteins together on sperm function during cryopreservation. 
In conclusion, the current study has characterised the seminal plasma proteome of rams with 
spermatozoa with high or low resilience to freezing.  Several proteins were found to be more 
abundant in HSP (TCP-1α, 26S proteasome and sorbitol dehydrogenase), suggesting a 
positive association with freezing resilience while others were abundant in LSP (alpha 
enolase and ZAG) suggesting a negative association with freezing resilience.  Despite ZAG 
previously being shown to influence ram sperm function during liquid preservation 
(Soleihavoup et al. in press), it failed to significantly alter the cryosurvival of spermatozoa 
and describe the beneficial effect of seminal plasma noted in the current study during 
cryopreservation.  Furthermore, the poor correlations between the freezing resilience of 
individual males and the expression of proteins identified by mass spectrometry suggests that 
freezing resilience might not be described by the expression or abundance of a single protein 
but rather by several in the form of protein complexes, working together to promote 
cryosurvival.  Future research could focus on the role of these protein complexes, during 
cryopreservation in the hope of identifying them as markers of ram freezing resilience. 
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Chapter 8. General discussion and conclusions 
 
The composition and function of seminal plasma has been the focus of considerable research 
since the early 1950s.  Over the ensuing decades, seminal plasma has been implicated in a 
number of critical sperm function and fertility events including the temporal and spatial 
control of capacitation and sperm transport through the female tract (Mann 1964; Manjunath 
et al. 2007; Maxwell et al. 2007).  Under certain circumstances, it has also been shown to be 
beneficial as a supplement added to spermatozoa during processing for storage and/or AI 
(Maxwell et al. 1999; Perez-Pe et al. 2001; Muiño-Blanco et al. 2008).  However, while well 
recognised as a biological substance of some import to reproductive processes, significant 
gaps in the understanding of seminal plasma still remain.  For instance it is not clear why the 
effect of seminal plasma supplementation varies so widely within or between species 
(Graham 1994; Okazaki et al. 2009; Leahy and de Graaf 2012) when season and sperm type 
are taken into account (de Graaf et al. 2007a; Leahy et al. 2010b).  Nor why epididymal 
spermatozoa, which have yet to come into contact with seminal plasma from the accessory 
sex glands, are able to achieve normal levels of fertilisation following intrauterine 
insemination in the ewe (Fournier-Delpech et al. 1979; Silber et al. 1995; Ehling et al. 2006).  
Limited information is available even in terms of its basic composition, with the identity of 
most of the proteins (the component most influential to sperm function) within seminal 
plasma remaining unknown.  However, based on the results reported herein, many of these 
gaps in understanding have now been closed.  Studies within this thesis have characterised 
and compared the seminal plasma proteomes of a number of domestic species for the first 
time, providing a potential proteomic explanation for the functional variation of seminal 
plasma between the species.  In the ram, seminal plasma was shown to be essential for the 
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survival and transit of spermatozoa across the cervix, a finding unprecedented for any species 
in the literature.  Following the first reported characterisation of the ram seminal plasma 
proteome by 2DLC-MS/MS inter-male variation in the effect of seminal plasma on sperm 
function (cryosurvival) was shown to be due to differences in its composition.  Subsequent 
quantitative proteomic analysis revealed the cause of these differences were most likely 
protein-related and although not unequivocally confirmed by supplementation studies, such 
proteins show considerable promise as a means to utilise the components of seminal plasma 
to benefit semen processing and AI. 
 
Despite these successes, questions regarding the interaction of sperm and seminal plasma 
remain.  Comparison of epididymal and ejaculated ram spermatozoa using advanced mass 
spectrometry and a novel glycoprotein enrichment method did not reveal the identity of the 
glycoproteins in seminal plasma which bind to the sperm membrane during ejaculation.  It is 
not altogether clear why this occurred as it is well known that ram seminal plasma proteins do 
bind to the sperm membrane (Barrios et al. 2000; Barrios et al. 2005; Bernardini et al. 2011).  
Potential reasons for this unexpected result are outlined in Chapter 3, but include inadvertent 
removal during washing, cell stress or premature capacitation of seminal plasma proteins, the 
limitation of the glycoproteomic enrichment method to identification of only N-linked 
glycoproteins or perhaps a need for more sensitive quantification between treatments through 
the use of isobaric tagging.  Such issues should be followed up in future studies.  While 
disappointing from the perspective of associating specific seminal plasma proteins with the 
sperm membrane, the study reported in Chapter 3 did characterise the glycoproteome of ram 
spermatozoa for the first time as well as changes in the glycoproteome (e.g. FK506 binding 
protein, amongst others) brought about by liquid or frozen storage.  It is tempting to 
hypothesise that the lack of proteins such as FK506 binding protein observed on the 
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membrane of preserved spermatozoa could be one of the compositional changes suggested to 
lead to the reduced fertility and function of frozen-thawed ram spermatozoa (Watson 2000) 
but this hypothesis obviously requires further investigation.  As a side note, the identification 
of apolipoprotein and vitellogenin in the glycoproteome of stored spermatozoa confirmed the 
sperm binding properties of egg yolk within cryomedia.  Apolipoprotien has previously been 
described as a marker of low density lipoprotein function and one of the major molecular 
cryoprotectants within egg yolk (Jolivet et al. 2006).  Its identification within the 
glycoproteome of ram spermatozoa in the current study encourages the pursuit of further 
research to investigate whether these individual components of egg yolk media afford the 
same protective effect on the membrane of frozen-thawed spermatozoa as whole egg yolk.  If 
so, such a finding would herald the much desired replacement of egg yolk with specific, 
defined protein components for use within liquid and frozen storage media and do away with 
the biosecurity concerns inherent to the use of chicken eggs.  
 
Though no evidence was found for biochemical changes to spermatozoa as a result of 
exposure to seminal plasma in Chapter 3, subsequent studies on this interaction in Chapter 4 
demonstrated a profound effect of seminal plasma on the physiological behaviour of 
spermatozoa inside the female reproductive tract.  Namely, that exposure to seminal plasma 
facilitated the migration of spermatozoa through the ovine cervix: a result which explains the 
biological importance of seminal plasma despite past evidence that it is not required for 
fertility of epididymal ram spermatozoa deposited within the uterus (Fournier-Delpech et al. 
1979; Ehling et al. 2006).  Results in this thesis showed that epididymal spermatozoa 
inseminated directly into the cervical os in the absence of seminal plasma resulted in low 
pregnancy rates (3/41; 7.3 %), compared to epididymal spermatozoa exposed to seminal 
plasma (17/46; 37%) and ejaculated (16/77; 20.8%) spermatozoa.  There was no difference in 
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the pregnancy rate of treatments following insemination directly into the uterine horns.  
These results suggest that seminal plasma increased pregnancy rates by facilitating sperm 
transport through the tract but was not required when spermatozoa were deposited closer to 
the site of fertilisation.  Indeed, improved sperm penetration through natural ovine cervical 
mucus was displayed in vitro when epididymal sperm were supplemented with seminal 
plasma.  Interestingly, this ability was not correlated with motility or velocity characteristics, 
suggesting that seminal plasma confers some other cervical mucus penetrating ability to 
epididymal spermatozoa.  The mechanisms or principals behind this interaction are still 
unknown.  One hypothesis is that seminal plasma proteins bind to the sperm membrane and 
provide a protective glycoprotein coat which stabilises the sperm membrane during mucus 
penetration.  Seminal plasma proteins could also act to shield spermatozoa from a negative 
interaction with mucus or mucosal compartments.  Previous studies have reported the 
beneficial effect of individual seminal plasma proteins, like heparin and gelatin binding 
proteins (Arangasamy et al. 2005) and beta defensin-126 (Tollner et al. 2008), on the mucus 
penetrating ability of spermatozoa.  Though beta defensin-126 was not found in the 
proteomic analysis of ram seminal plasma (Chapter 2), beta defensin-1 was identified and it 
is possible this protein could confer similar mucus penetrating abilities.  Clearly, the mode of 
action and main effectors of seminal plasma require further clarification to determine how 
seminal plasma confers its migratory effect on spermatozoa.  Such results would be of great 
use to generate a means of improving the cervical migration efficiency of frozen-thawed ram 
spermatozoa and is of considerable interest to the sheep artificial breeding industry. 
 
Exposure to seminal plasma was also shown to affect the function of processed ram 
spermatozoa, altering their ability to survive the process of cryopreservation (Chapters 5, 6 
and 7).  More importantly, the source of seminal plasma (i.e. whether obtained from males 
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shown to have spermatozoa with high (HSP) or low (LSP) resilience to freezing) was 
demonstrated to mediate the extent of this effect on both homologous (Chapters 5) and 
heterologous (Chapter 6) ram spermatozoa; conclusive physiological evidence that seminal 
plasma differs in its composition between males.  This may explain why studies in the same 
species can report seminal plasma to elicit either a positive or negative effect.  Further, it 
highlights the need for the identification of the components of seminal plasma responsible for 
such varied physiological effect, an objective subsequently undertaken in this body of work. 
 
As expected, detailed subsequent analysis of the composition of the HSP and LSP seminal 
plasma groups demonstrated no difference in biochemical makeup (Ca, Na, Cl, Mg, Zn, 
glucose, cholesterol, GPx), but rather in individual proteins.  Preliminary immunodetection 
studies (Chapter 6) showed significant differences in the expression of proteins previously 
identified in a study of ram seminal plasma that had differed in liquid preservation ability 
(Soleilhavoup et al. 2014), while a comprehensive quantitative proteomic comparison 
revealed well over 99 proteins which differed in abundance between HSP or LSP (Chapter 7).  
While it was expected that differences in proteins previously linked to increased sperm 
cryosurvival in the ram (e.g. binder of sperm proteins (RSVP 14 and 22) or spermadhesins 
(Bodhesin); Muiño-Blanco et al. (2008) would be identified in these studies, this was not the 
case.  Proteins more abundant in HSP, though isolated from seminal plasma, all originated 
from spermatozoa (Soleilhavoup et al. 2014).  A similar situation existed in LSP, although 
some proteins more abundant in this group (and thus negatively associated with sperm 
cryosurvival) were found to be secreted from the accessory sex glands, such as zinc-2-alpha 
glycoprotein (ZAG).  Most of the sperm proteins were identified as involved in routine 
cellular biogenesis or protein degeneration and presumably leak into the fluid surrounding 
spermatozoa during cell degradation.  This unexpected finding highlights the opportunity for 
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such ‘seminal plasma’ proteins to act as markers of sperm function, in particular sperm 
production and maturation. In addition, it shows that perhaps that the concept of a “seminal 
plasma” marker of sperm function/fertility should be widened to include proteins originating 
not only from the accessory sex glands, but also spermatozoa.  As to whether the exposure of 
spermatozoa to these ‘positive’ markers of sperm function is responsible for any of the 
relative differences between HSP and LSP observed in Chapters 5 and 6 remains to be seen.  
Further studies on comparing the protein composition of epididymal sperm membranes and 
“pure” seminal plasma collected from a vasectomised ram, would help identify the origin of 
these “positive” markers of sperm function.  An alternate explanation is that ‘negative’ 
markers such as ZAG are instead at play, acting to decrease sperm motility over time as has 
been demonstrated for ZAG in liquid stored ram spermatozoa (Soleilhavoup et al. 2014). 
However, this was not observed in Chapter 7 following the supplementation of epididymal 
spermatozoa with recombinant ZAG prior to freezing.  Nor were strong correlations found 
between abundance of ZAG (or other positive or negative markers of freezing resilience for 
that matter) and the individual freezing resilience of a wider population of rams.  Though 
disappointing in the context of this thesis, it must be remembered that difficulties with 
antibody specificity for sheep as well as cost limitations of recombinant protein 
supplementation studies make analysis of all markers of seminal plasma function impossible.  
Further work to examine the individual effects of each protein is justified, including testing 
within a larger population of sheep with varied sperm cryotolerance.  It is also possible that 
freezing success is governed by a combination of proteins working in concert, which makes 
the isolation of individual effects even more difficult.  Whatever the case, these proteomic 
studies demonstrated that the cryoprotective properties of seminal plasma correlate to some 
degree with the abundance of various proteins. 
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The initial hypothesis, that seminal plasma and its individual components could alter the 
function and fertility of spermatozoa in vivo (within the female tract) and in vitro (during 
cryopreservation) was confirmed by the findings of this study.  Detailed proteomic analysis 
of seminal plasma using LC-MS/MS was conducted and revealed the seminal plasma 
proteomes of a number of species contained far greater complexity than previously described.  
Although it is still not clear what biochemical changes take place on the sperm membrane 
during ejaculation in rams, it is apparent that seminal plasma crucially alters the ability of 
spermatozoa to survive and navigate the cervix.  Variation in the ability of ram spermatozoa 
to survive cryopreservation is at least partly described by the composition of seminal plasma.  
Further studies are required to confirm the identity and function of these effector proteins, 
how they interact with the sperm membrane and whether they act alone or in concert to afford 
their beneficial (or other) effects. 
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Supplementary file 5.1: Average volume, wave motion and sperm concentration of each male used in Experiment 1.   
Data are actual means ± S.E.M. (n=6 ejaculates/male).  
Volume (mL) Wave motion Concentration (spermatozoa/mL) Ram 
ID 
  
Age 
  
Breed 
  Range 
Mean ± 
SEM% Range 
Mean ± 
SEM% Range Mean ± SEM% 
A 6 Coopworth 0.5- 2.1 1.43 ± 0.25 4.0- 5.0 4.17 ± 0.17 2.75×109 - 5.15×109 3.99×109  ± 0.412×109 
B 6 Finn X Sulfolk/Coopworth 0.9- 1.5 1.15 ± 0.11 4.0- 5.0 4.58 ± 0.19 2.8×109 - 5.45×109 4.09×109  ± 0.476×109 
C 6 Sulfolk X Dorset 1.0- 1.8 1.3 ± 0.14 4.0- 5.0 4.25 ± 0.17 2.95×109 - 6.55×109 4.06×109  ± 0.882×109 
D 4 Dorset 1.5- 2.0 1.8 ± 0.1 4.0-5.0 4.83 ± 0.17 4.3×109 - 6.15×109 5.39×109  ± 0.298×109 
E 9 Sulfolk X Dorset 1.5- 2.0 1.8 ± 0.1 4.0- 5.0 4.5 ± 0.22 3.9×109 - 6.4×109 5.07×109  ± 0.392×109 
F 7 Coopworth 1.0- 2.0 1.35 ± 0.11 3.5- 5.0 4.75 ± 0.25 2.95×109 - 6.55×109 4.90×109  ± 0.488×109 
G 6 Coopworth X 1.0- 1.5 1.25 ± 0.11 3.5- 4.0 3.67 ± 0.11 1.8×109 - 3.3×109 2.16×109  ± 0.395×109 
H 8 Dorset 1.0- 1.5 1.16 ± 0.11 3.5- 5.0 4.42 ± 0.30 4.68×109 - 6.4×109 5.64×109  ± 0.255×109 
I 8 Finn X 1.0- 2.0 1.42 ± 0.15 3.5- 5.0 4.5 ± 0.26 2.35×109 - 7.5×109 3.08×109  ± 0.704×109 
J 6 Coopworth 1.0- 1.5 1.08 ± 0.08 4.0- 5.0 4.67 ± 0.21 3.1×109 - 5.45×109 4.76×109  ± 0.457×109 
K 7 Coopworth 1.0- 1.5 1.92 ± 0.62 4.0- 5.0 4.58 ± 0.20 2.1×109 - 3.4×109 2.54×109  ± 0.209×109 
L 10 Merino 1.0- 1.0 1 ± 0.00 1.0- 4.0 2.67 ± 0.56 2.55×109 - 3.2×109 2.92×109  ± 0.882×109 
M 5 Merino 1.0- 1.5 1.14 ± 0.09 3.5- 5.0 4.58 ± 0.2 2.4×109 - 4.8×109 3.86×109  ± 0.418×109 
N 7 Merino X 1.0- 2.0 1.51 ± 0.12 5.0- 5.0 5 ± 0.00 4×109 - 8.3×109 4.90E×109  ± 0.985×109 
O 4 Merino 0.8- 1.0 0.97 ± 0.03 4.0- 4.5 4.08 ± 0.08 4.45×109 - 4.45×109 2.12×109  ± 0.524×109 
P 4 Merino 0.6- 1.0 0.83 ± 0.06 5.0- 5.0 5 ± 0.00 3.65×109 - 6.08×109 4.73×109  ± 0.348×109 
Q 4 Merino 0.5- 1.0 0.67 ± 0.11 5.0- 5.0 5 ± 0.00 3.08×109 - 6.58×109 4.42×109  ± 0.502×109 
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I. SEMINAL PLASMA AIDS THE MIGRATION OF EPIDIDYMAL 
SPERMATOZOA THROUGH CERVICAL MUCUS 
 
J.P. Rickard1, T. Pini1, G .W. Lynch1, X. Druart2, S. P. de Graaf1 
1Faculty of Veterinary Science, The University of Sydney NSW 2006, Australia 
2Station de Physiologie de la Reproduction et des Comportements, Institute National de la 
Recherche Agronomique, 37380 Nouzilly, France 
 
 
Seminal plasma (SP) purportedly plays a critical role in reproduction, but epididymal 
spermatozoa are capable of fertilisation following deposition in the uterus, calling into 
question the biological requirement of this substance.  We have recently shown that SP 
enhances the ability of epididymal spermatozoa to penetrate the ovine cervix and achieve 
fertilisation following cervical artificial insemination.  However, the mechanism behind this 
ability is still largely unknown.  As such, the aim of the current study was to examine the 
effect of SP on the in vitro characteristics of epididymal spermatozoa. 
 
The motility (HT CASA IVOS II; Hamilton-Thorne, Beverly, MA, USA) and cervical mucus 
penetration (distance travelled by the vanguard spermatozoon through a capillary tube of 
oestrous cervical mucus) of epididymal spermatozoa (EPI; n=3 Merino rams, collected via 
microperfusion of the vas deferens), epididymal spermatozoa exposed to previously collected 
SP (EPI+SP; 1:1 dilution spermatozoa:SP) and ejaculated spermatozoa (EJAC; n=3 Merino 
rams) were assessed 0, 3 and 6 h post collection following dilution in UHT milk (final 
concentration: 25×106 spermatozoa/mL).  Results were analysed using a linear mixed model 
(Genstat 13th Ed, VSN Intl).   
 
There was no significant difference in motility between treatments over the 6 h incubation 
period (P>0.05).  When pooled over time, the vanguard spermatozoon travelled significantly 
further for EP+SP than for the EP and EJAC treatments (P<0.05) with the distance for the 
latter two treatments being similar (P>0.05). 
 
These results suggest that the enhanced cervical transit ability of epididymal spermatozoa is 
not entirely dependant on sperm motility but rather by some unknown cervical penetration 
trait conferred by exposure to SP.  Further research is now warranted to identify the 
components within SP which are responsible for assisting the transit of spermatozoa through 
the cervix and the mechanisms by which they act. 
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II. THE EFFECT OF SEMINAL PLASMA ON POST THAW 
MOTILITY AND VIABILITY OF RAM SPERM 
 
J.P. Rickard1, J. W. Maddison1, R. Schmidt 1, R. Bathgate1, G. Lynch1, X. Druart2, S. P. de 
Graaf1 
1Faculty of Veterinary Science, The University of Sydney NSW 2006, Australia 
2Institut National de la Recherche Agronomique (INRA), 37380 Nouzilly, France 
 
The widespread use of cervical artificial insemination is limited due to poor fertility when 
using frozen-thawed spermatozoa. This is a result of the reduced ability of frozen-thawed 
spermatozoa to traverse the ovine cervix.  Previous studies have investigated the effect of 
seminal plasma supplementation during cryopreservation of ram spermatozoa, but the effect 
of its presence or absence has not been described. As such, this study investigated the role of 
seminal plasma (SP) in maintaining sperm function during cryopreservation. Semen was 
collected from Merino rams (n=3) via artificial vagina was centrifuged (200×g, 10 min, 
27°C) to remove SP and diluted to 100×106spm/mL with tris-citrate-fructose+0.03%BSA 
then frozen in straws in the presence or absence of 10% merino SP. Samples were assessed 
for motility (CASA), viability and acrosome integrity (PI/FITC-PNA) at  0, 2 and 4 hours 
post-thaw. Spermatozoa frozen with SP consistently displayed higher motility (P<0.001; 
38.0±2.23%, 22.3±1.66% and 4.8±0.61%, respectively) than spermatozoa frozen without SP 
(23.2±1.80%, 8.4±0.47% and 0.6±0.00%, respectively) across all timepoints. At 0 and 4 
hours post-thaw, spermatozoa frozen with SP had a higher proportion of viable membranes 
and intact acrosomes (28.3±1.58% and 12.1±0.20%, respectively) than those frozen in its 
absence (15.6±0.73% and 11.2±0.58%, respectively). These results show that SP protects ram 
spermatozoa during cryopreservation. 
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III. THE EFFECT OF SEMINAL PLASMA FROM RAMS WITH 
VARIED FREEZING RESILIENCE ON THE CRYOSURVIVAL OF 
RAM SPERMATOZOA. 
 
J.P. Rickard1, R. Schmidt 1, J. W. Maddison1, R. Bathgate1, G. Lynch1, X. Druart2, S. P. de 
Graaf1 
1Faculty of Veterinary Science, The University of Sydney NSW 2006, Australia 
2Institut National de la Recherche Agronomique (INRA), 37380 Nouzilly, France 
 
Numerous authors have investigated the potential for using seminal plasma (SP) to improve 
sperm function and fertility following cryopreservation, but results have been somewhat 
equivocal.  It is hypothesised that this may be due to variation in the composition of SP.  As 
such, this study examined the effect of SP from rams with high or low freezing resilience on 
the cryosurvival of ram spermatozoa.  Semen was collected from rams previously identified 
to have spermatozoa with high (n=3) or low (n=3) resilience to freezing and gently washed 
(200xg; 10 min) in tris-citrate-fructose+0.3%BSA.  Washed spermatozoa were frozen at a 
concentration of 100x106 spm/ml with 12% seminal plasma pooled from either high (SP1) or 
low (SP2) resilience rams.  Samples were assessed for motility at 0, 2 and 4 hours post-thaw.  
At both 0h and 4h post-thaw, high resilient sperm frozen with SP1 had higher motility 
(69.8±5.87% and 41.6±4.22%, respectively) compared to that frozen with SP2 (32.8±3.11% 
and 21.9±1.61%, respectively; P<0.001). Similar results were seen at 0h post-thaw, when low 
resilient sperm was frozen with SP1 and SP2.  These results show that variation in SP source 
and composition influences the ability of ram spermatozoa to survive cryopreservation.  This 
finding may explain the varied effects of SP observed in previous studies and clearly 
demonstrates the enormous influence SP plays in sperm physiology. 
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IV. SEMINAL PLASMA IMPROVES THE TRANSIT OF 
EPIDIDYMAL RAM SPERM POST-CERVICAL ARTIFICIAL 
INSEMINATION 
 
J. P. Rickard1, T. Pini1, R. Bathgate1, G. Evans1, WMC Maxwell1, G. Lynch1, X. Druart2, S. 
P. de Graaf1 
1Faculty of Veterinary Science, The University of Sydney NSW 2006, Australia 
2Station de Physiologie de la Reproduction et des Comportements, Institut National de la 
Recherche Agronomique, 37380 Nouzilly, France 
 
The role of seminal plasma (SP) during cervical transit and in vivo fertilisation remains 
relatively unclear due to inconsistent results (Maxwell et al. 1999; Leahy et al. 2010a).  To 
date, no research has focused on the ability of epididymal sperm to penetrate the cervix post 
cervical insemination and whether SP plays a role in cervical transit.  As such, this field trial 
was conducted to determine whether epididymal sperm can traverse the female cervix and 
fertilise the egg in the absence of SP. 
 
Synchronised merino ewes (n=354, BCS 3-4) were inseminated cervically (100x106 motile 
spermatozoa/ml) or laparoscopically (25x106 motile spermatozoa/ml), 53-55 hours post 
sponge removal, with ejaculated spermatozoa (Ejac), epididymal spermatozoa (Epi) or 
epididymal spermatozoa exposed to merino SP (Epi+ SP).  Ejaculated spermatozoa was 
collected via artificial vagina, from merino rams (n=3) and diluted in UHT milk.  Epididymal 
sperm was harvested from the testes of culled merino rams (n=3).  Excised vas deferens were 
flushed with a tris-citrate-fructose diluent and half of the sperm suspension was exposed to 
merino ram SP (1:1) before being diluted in UHT milk.  Pregnancy was detected via 
ultrasound 55 days post insemination and results analysed using a binomial logistic 
regression equation in Genstat (VSN Intl 13th Edition). 
 
Pregnancy rates in cervically inseminated ewes were affected by the presence or 
supplementation of SP.  Epi+ SP and Ejac treatment groups had higher pregnancy rates 
compared to that of the Epi treatment group (P<0.05).  Pregnancy rates in laparoscopically 
inseminated ewes were unaffected by the supplementation of SP (see Table 1). 
 
 
 
Table 1: Pregnancy rate on Day 55 after cervical or laparoscopic insemination of Ejac, Epi 
and Epi+SP 
Sperm type 
 AI method Pregnancy rate 
Ejac Cervical (16/77) 21% 
 Lap (17/40) 43% 
Epi+ SP Cervical (3/41) 7% 
 Lap (23/46) 50% 
Epi Cervical (17/46) 37% 
 Lap (31/53) 58% 
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To our knowledge, this is the first study to investigate the ability of epididymal sperm to 
traverse the cervix.  The lack of seminal plasma inhibited the ability of epididymal sperm to 
penetrate and traverse the cervix, resulting in a poor pregnancy rate.  This clearly 
demonstrates the importance of seminal plasma during cervical transit and in vivo 
fertilisation. 
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V. A PRELIMINARY ASSESSMENT OF THE RAM 
SPERMATOZOA GLYCOPROTEOME USING 2DLC-MS/MS 
 
J. P. Rickard1, P. L. Kohnke2, R. Bathgate1, X. Druart3, G. Lynch1, S. P. de Graaf1 
1Faculty of Veterinary Science, The University of Sydney NSW 2006, Australia; 2School of 
Molecular Bioscience, The University of Sydney NSW 2006, Australia; 3Station de 
Physiologie de la Reproduction et des Comportements, Institute National de la Recherche 
Agronomique, 37380 Nouzilly, France. 
 
The fertility of frozen thawed ram spermatozoa is limited following cervical artificial 
insemination (Maxwell et al. 2007).  There is evidence to suggest that seminal plasma 
proteins bound to the sperm membrane during ejaculation are altered or modified during 
cryopreservation and that this may contribute to the impaired ability of ram spermatozoa to 
traverse the cervix (Maxwell et al. 2007).  However, relatively little is known about the 
identity of these proteins.  As such, the current study aims to determine the identity of 
glycoproteins in ram spermatozoa.   
 
Spermatozoa were obtained from Merino rams (n=6), pooled and washed using density 
gradient centrifugation (PureSperm) prior to protein extraction (8% urea, 1% SDS) and 
digestion (trypsin).  Glycoproteins were isolated and enriched using N-linked hydrazide 
chemistry (Sun et al. 2007).  Briefly, N-linked glycolysated peptides were captured and 
bound to an Affi-prep HZ resin (BioRad, Australia) while unbound non-glycosylated peptides 
were removed.  Glycosylated peptides were then enzymatically released using PNGase F, 
separated using two-dimensional liquid chromatography (2DLC) and analysed by tandem 
mass spectrometry, MS/MS (QSTAR®Elite; AB SCIEX, USA).  Identified spectra and 
resultant proteins were then analysed using Protein Pilot v3.0 (AB SCIEX, USA). 
 
LC-MS/MS identified a total of 56 glycoproteins from the extracts of ram spermatozoa, 
among which, 13 have been previously identified in an LC-MS/MS analysis of ram seminal 
plasma (Druart et al. unpublished results). 
 
To our knowledge this is the first study to utilise hydrazide chemistry and advanced 
proteomics to assess the glycoproteome of ram spermatozoa.  These preliminary results show 
the potential of using this technique in future experiments to compare the glycoproteome of 
epididymal and ejaculated spermatozoa, in addition to spermatozoa that have been chilled or 
cryopreserved.  Investigation of these potential differences may highlight proteomic 
modifications that occur to the sperm membrane during cryopreservation and help understand 
their effect on sperm function and fertility.  
 
Maxwell, W., de Graaf, S.P., El-Hajj Ghaoui, R., and Evans, G. (2007) Seminal plasma 
effects on sperm handling and female fertility. Society of Reproductive Fertility 64, 13-38 
 
Sun, B., Ranish, J.A., Utleg, A.G., White, J.T., Yan, X., Lin, B., and Hood, L. (2007) 
Shotgun Glycopeptide Capture Approach Coupled with Mass Spectrometry for 
Comprehensive Glycoproteomics. Molecular & Cellular Proteomics 6, 141–149 
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VI. PROTEOMIC ANALYSIS OF RAM SEMINAL PLASMA 
 
J. P. Rickard1, X. Druart2, G. Lynch1, S. Mactier3,  
P. L. Kohnke3, R. Bathgate1, B. Crossett3, S. P. de Graaf1 
1Faculty of Veterinary Science, The University of Sydney, Australia; 2Station de Physiologie 
de la Reproduction et des Comportements, Institute National de la Recherche Agronomique, 
Nouzilly, France; 3School of Molecular Bioscience, The University of Sydney, Australia.  
 
The use of frozen thawed ram sperm is limited due to poor fertility following cervical 
artificial insemination. There is evidence to suggest that seminal plasma proteins bind to the 
sperm membrane and affect cryopreservation survival and sperm transport in the female tract 
after cervical insemination. However, relatively little is known about the identity of these 
proteins. The objective of this study was to identify the major seminal plasma proteins in the 
ram. Seminal plasma was obtained and pooled from four rams (3 to 5 years-old) of various 
breeds. Seminal plasma proteins were separated using one of three methods: (1) gel 
electrophoresis (1D SDS-PAGE; 6-12% acrylamide gradient gel, 200 volts, 40 amps) and 
identified by in gel digestion; (2) trypsin digested peptides were separated by reverse phase 
liquid chromatography (RPLC) using a step-wise acetonitrile gradient; or (3) trypsin digested 
peptides separated using an on-line strong cation exchange (SCX) column (7 SCX fractions: 
2.5, 5, 7.5, 10, 15, 20 and 100% 500 mM ammonium formate, 5% acetonitrile, 1% formic 
acid) and then 2h RP-LCMS. Isolated peptides from each of the three methods were analysed 
by tandem mass spectrometry (MS/MS) (QSTAR® Elite; AB SCIEX, USA) and resultant 
spectra interpreted using Protein Pilot v3.0. (Applied Biosystems, USA). Mass spectrometry 
identified 356 proteins in ram seminal plasma. A total of 26 proteins were identified via gel 
electrophoresis, 34 proteins via RPLC and 296 proteins from 2DLC-MS/MS. This difference 
is due to the greater degree of separation associated with combining strong cation exchange 
and RPLC, prior to mass spectrometry.  The greater the separation, the greater the yield of 
proteins identified.  Many of the proteins identified were detected by all three methods.  To 
our knowledge, this is the first study to characterise the ram seminal plasma proteome. These 
results provide an important first step in understanding the nature of ram seminal plasma and 
its interaction with spermatozoa and the female tract. Investigation of the effect of specific 
seminal plasma proteins on sperm physiology could help to increase the fertility of frozen 
ram sperm. 
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VII. IDENTIFICATION OF MEMBRANE GLYCOPROTEINS OF 
EJACULATED AND EPIDIDYMAL BOAR SPERMATOZOA USING 
LC-MS/MS 
 
S.P. de Graaf 1, C.G. Grupen1, J.P. Rickard1, R. Bathgate.1, S. Mactier2, P.L. Kohnke2, 
B.Crosset2, W.M.C. Maxwell1, R.I. Christopherson2 and X. Druart3 
1Faculty of Veterinary Science, The University of Sydney NSW 2006, Australia 
2School of Molecular Bioscience, The University of Sydney NSW 2006, Australia 
3Station de Physiologie de la Reproduction et des Comportements, Institut National de la 
Recherche Agronomique, 37380 Nouzilly, France 
 
The membrane properties of spermatozoa are significantly altered by exposure to seminal 
plasma during ejaculation.  However, relatively little is known regarding the identity of 
proteins comprising the sperm membrane or the proteins that subsequently associate with the 
membrane during ejaculation.  The present study was conducted to identify and compare the 
glycoproteins isolated from epididymal and ejaculated boar sperm membranes using liquid 
chromatography tandem mass spectrometry (LC-MS/MS). 
 
Spermatozoa were obtained by microperfusion of epididymides post slaughter (n=3; 
epididymal) or collected by the gloved hand method (n=3; ejaculated) and washed (PBS) 
prior to protein extraction (1% SDS) and digestion (trypsin).  Glycoproteins were selectively 
isolated using techniques modified from (Sun et al. 2007).  Briefly, N-linked glycosylated 
peptides were coupled with Affi-Prep HZ resin (BioRad, Australia) and then washed to 
remove non-glycosylated peptides.  Deglycosylated peptides were released from the 
hydrazide resin with PNGaseF, separated using 2DLC (SCX coupled online to RPC) and 
analysed by MS/MS (QSTAR® Elite; AB SCIEX, USA). Resultant spectra were analysed 
using Protein Pilot v3.0. (Applied Biosystems, USA) against the Swissprot database. 
 
LC-MS/MS identified 120 proteins present in the extracts of epididymal boar spermatozoa 
and 86 proteins in the extracts of ejaculated boar spermatozoa.  37 proteins were found in 
both ejaculated and epididymal extracts, while 83 proteins were found only in epididymal 
samples.  49 proteins were found exclusively in ejaculated sperm extracts among which 14 
had previously been identified in an LC-MS/MS analysis of boar seminal plasma (Druart et 
al. unpublished results).   
 
To our knowledge, this is the first study that utilises glycoproteomics to identify and compare 
plasma proteins of mammalian spermatozoa.  These findings implicate specific proteins 
within seminal plasma that associate with the sperm membrane and subsequently may play a 
role in sperm function and fertility. 
 
 
 
 
 
 
 
 
 
 
 
